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Concentrating solar power (CSP) provides a significant advantage over
other forms of renewable energy due to its high energy potential and low
cost. When CSP central receiver technology is implemented in a combined
Brayton-Rankine cycle with thermal energy storage (TES), the overall Bray-
ton cycle efficiency can be increased, while allowing for dispatchable energy
generation at night or during times of reduced solar radiation. The SUNSPOT
cycle consists of a solarized Brayton cycle with a rock bed TES facility which
powers a bottoming Rankine cycle. The Spiky Central Receiver Air Pre-heater
(SCRAP) is the central receiver concept envisaged for implementation in the
SUNSPOT cycle’s solarized Brayton cycle. The receiver would need to provide
outlet air temperatures of above 800 ◦C with a total pressure drop of less than
30 kPa in order to satisfy the cumulative Brayton-Rankine cycle demands.
This study sought to investigate the thermal characteristics associated with
a single spike of the SCRAP receiver. To this end an experimental receiver
approximating a full-scale receiver was designed based on suggestions from a
previous study. The experimental receiver was installed at the Helio40 facility
at the University of Stellenbosch and tested in on-sun conditions. An exper-
imental setup was designed to capture the key variables required to analyze
the spike performance. An investigation to characterize the performance of
the heliostat field was also conducted.
Through experimental testing, it was found that the irradiation concentra-
tion on the spike surface increases exponentially from behind the tip, leading
to low irradiation at the front of the spike. It was further found that the
exponential growth would cause high heating of the receiver base due to flow
separation in the air manifold, limiting the selection of construction materials
for a full-scale SCRAP receiver implementation. With an open annulus spike
configuration, the receiver was also found to be susceptible to convective losses.
Finally, it was found that the coiled fins are effective in increasing the
spike’s thermal efficiency by a great margin by virtue of increased heat transfer




the coiled ducts impart a centrifugal force to the air flow, moving the flow
closer to the spike wall. The coiled ducts would also be effective in equalizing
surface temperature variations caused by uneven circumferential irradiation
distributions, mitigating the effects of local hotspots.
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Uittreksel
Op Son Toetsing van ’n Enkele Pen van die Puntige
Sentrale Ontvanger Lug Voorverhitter (PSOLV)
(“On Sun Testing of a Single Spike of the Spiky Central Receiver Air Preheater
(SCRAP)”)
R. J. Janse van Vuuren
Departement Meganiese en Megatroniese Ingenieurswese,
Universiteit van Stellenbosch,
Privaatsak X1, Matieland 7602, Suid Afrika.
Tesis: MIng (Meg)
Desember 2020
Gekonsentreerde sonkrag (GS) bied ’n aansienlike voordeel bo ander vorme
van hernubare energie as gevolg van die hoë energiepotensiaal en lae koste.
Wanneer GS sentrale-ontvanger tegnologie in ’n gekombineerde Brayton-Rankine
siklus met termiese-energieberging (TEB) geïmplementeer word, lei dit tot die
toename in algehele doeltreffendheid van die Brayton-siklus, terwyl dit snags of
gedurende tye van verminderde sonstraling die opwekking van energie beskik-
baar stel. Die SUNSPOT-siklus bestaan uit ’n gesolariseerde Brayton-siklus
met ’n rotsbed TEB-fasiliteit wat ’n sekondêre Rankine-siklus dryf. Die Pun-
tige Sentrale Ontvanger Lug Voorverhitter (PSOLV) is die sentrale-ontvanger
konsep wat beoog word vir implementering in die SUNSPOT-siklus se geso-
lariseerde Brayton-siklus. Die ontvanger moet uitlaat lugtemperature van bo
800 ◦C voorsien met ’n totale drukval van minder as 30 kPa om aan die gesa-
mentlike Brayton-Rankine-siklus se vereistes te voldoen.
Die fokus van hierdie studie was om die termiese eienskappe van ’n en-
kele pen van die PSOLV te karakteriseer. Vir hierdie doel was ’n eksperi-
mentele ontvanger, wat ’n volskaalse ontvanger benader, ontwerp op grond
van voorstelle uit ’n vorige studie. Die eksperimentele ontvanger was by die
Helio40-aanleg aan die Universiteit van Stellenbosch geïnstalleer en met son-
straling getoets. ’n Eksperimentele opstel is ook ontwerp om die veranderlikes
wat benodig word om die termiese eienskappe te karakteriseer, vas te stel. ’n
Ondersoek om die bestraling uitset van die heliostaatveld te bepaal, is ook
uitgevoer.
Deur middel van die eksperimentele toetse is daar gevind dat die bestra-
lingskonsentrasie op die pen oppervlak eksponensieel van agter die punt toe-
neem, wat lei tot lae bestraling aan die voorkant van die pen. Daar is verder
gevind dat die eksponensiële groei aansienlike verhitting van die ontvangerba-




van konstruksiemateriaal vir ’n volskaalse PSOLV ontvanger beperk. Met ’n
oop-annulus pen opstel, is die ontvanger ook sensitief teen konveksie verliese.
Laastens, is daar gevind dat die die spiraalvormige vinne effektief is om
die pen se termiese doeltreffendheid te verhoog deur middel van groter hitte-
oordragoppervlakte sowel as hoër hitte-oordragkoëffisiënte, wat die gevolg is
van wanneer die spiraalvormige kanale ’n sentrifugale krag aan die lugvloei
verleen en sodoende die vloei nader aan die penmuur beweeg. Die spiraalvor-
mige kanale sou ook effektief wees om die oppervlaktemperatuur-variasies, wat
veroorsaak word deur oneweredige bestralingsverspreidings, gelyk te maak en
sodoende die gevolge van gelokaliseerde warmkolle te versag.
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dx Differential length . . . . . . . . . . . . . . . . . . . . . . . [m ]




h Convective heat transfer coefficient . . . . . . . . . . . . . [W/m2K ]
I Irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . [W/m2 ]
k Thermal conductivity . . . . . . . . . . . . . . . . . . . . . [W/mK ]
L Length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
m Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ kg ]
ṁ Mass flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ kg/s ]
P Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa ]
p Perimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
Q̇ Heat rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [W ]
Q̇ Volumetric flow rate . . . . . . . . . . . . . . . . . . . . . . [m3/s ]
q̇ Heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [W/m2 ]
R Thermal resistance . . . . . . . . . . . . . . . . . . . . . . . [ ◦C/W ]
r Radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
T Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . [ ◦C ]
α Absorptivity . . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
α Altitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ ◦ ]
γ Specific heat ratio . . . . . . . . . . . . . . . . . . . . . . . [ ]
δ Declination . . . . . . . . . . . . . . . . . . . . . . . . . . . [ ◦ ]
ε Emissivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
η Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
µ Dynamic viscosity . . . . . . . . . . . . . . . . . . . . . . . [ kg/ms ]
ρ Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ kg/m3 ]
φ Latitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ ◦ ]
Φ Relative angle . . . . . . . . . . . . . . . . . . . . . . . . . [ ◦ ]



















Nu Nusselt number . . . . . . . . . . . . . . . . . . . . . . . . . [ ]
Re Reynolds number . . . . . . . . . . . . . . . . . . . . . . . . [ ]





In 2015 South Africa’s electricity production amounted to roughly 249.6 TWh
(International Energy Agency, 2015). Of this, the main contributors were
coal (91.6%), nuclear (4.9%), solar1 (1.8%), hydro (1.5%) and wind(0.9%).
Following the global trend of transitioning to green energy, South Africa has
set a goal of achieving a 43% supply of renewable energy by 2030 (Department
of Energy, 2015).
As part of the Department of Energy’s Integrated Resource Plan for 2019
(Department of Energy, 2019), South Africa aims to decommission 5400 MW
of electricity generated from coal by 2022, and another 10 500 MW by 2030.
As the Koeberg nuclear power station reaches the end of its design life in
2024, a decision has also been made to extend the plant’s design life by a
further 20 years with aims of expanding nuclear power in the long term. In
an attempt to diversify the electricity mix, renewable energy in the form of
Solar photovoltaic (PV), wind and concentrating solar power (CSP) provides
an excellent opportunity to provide off-grid electricity, with potential for new
industry and job creation.
Due to its location, South Africa receives some of the world’s highest levels
of annual solar irradiation, making solar energy a highly viable option in con-
tributing to the Department of Energy’s 2030 goal (Craig et al., 2017b). South
Africa’s Northern Cape, Free State and Eastern Cape provinces, shown in Fig-
ure 1.1, receive annual direct normal solar irradiation (DNI) levels higher than
those of Spain and the United States of America, where the prime locations
receive an annual average of 2100 and 2700 kWh/m2 respectively. Both coun-
tries also have numerous CSP plants operating at full capacity (Craig et al.,
2017a). South Africa has therefore been identified as one of the best locations
in the world for CSP power generation with an estimated nominal capacity of
547.6 GW (Fluri, 2009).
1Combined solar thermal and solar PV
1
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Figure 1.1: Direct normal irradiation: South Africa (SolarGIS)
1.2 Concentrating solar power (CSP) in South
Africa
CSP, as it stands in South Africa, is largely centered around two dominating
technologies; Solar tower and Parabolic trough (PT). While PT power has
long dominated the South African CSP market, a recent shift in technology
has brought focus on solar tower receivers for their ability to operate at much
higher temperatures with molten salt as heat transfer fluid (HTF). Table 1.1
lists the current operational CSP power plants in South Africa.
PT technology utilizes long parabolically curved mirrors to focus solar ir-
radiation on a central line running the length of the trough. PT systems
generally display concentration factors of 30 to 80, using mostly thermal oil
as HTF . Maximum achievable HTF temperatures can range anywhere from
250 ◦C to 400 ◦C. Figure 1.2a shows the Bokpoort PT CSP plant located in
Groblershoop, Northern Cape.
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Kaxu Solar 1 PT 100 NC, Pofadder March 2015
Khi Solar 1 Tower 50 NC, Upington February 2016
Bokpoort CSP PT 50 NC, Groblershoop March 2016
Ilanga 1 PT 100 NC, Upington November 2018
Xina Solar 1 PT 100 NC, Pofadder December 2018
Kathu Solar Park PT 100 NC, Kathu January 2019
Redstone CSP Tower 100 NC, Postmasburg TBA
(a) Bokpoort CSP (SolarPACES, 2017) (b) Khi Solar 1 (Abengoa, 2016)
Figure 1.2: Operational CSP plants in South Africa
Solar tower technology utilizes a field of heliostats which concentrates solar
irradiation onto a tower mounted receiver. Heliostat field layouts vary based
on the type of receiver used. Figure 1.2b shows the Khi Solar 1 plant located
in Upington, Northern Cape. The tower, housing a three-sided cavity receiver,
sits towards the far center of a surrounding heliostat field. Solar tower plants
can reach concentration factors of up to 1000, depending on the number and
type of heliostats used. Solar towers can therefore also provide higher HTF
temperatures, generally in the range of 550 ◦C, using molten salts as HTF.
The HTF is used to generate steam which drives a conventional Rankine
cycle to generate electricity. Due to the low concentration factor, PT plants
require larger areas to generate the same power as solar tower plants. Their
application is also limited to geographical areas with relatively flat terrain.
Solar towers have the advantage of being deployed in locations with uneven
terrain and have the ability to produce higher quality energy as a result of
higher HTF temperatures.
The higher energy quality produced by solar tower systems shows large
potential for reducing power generation costs as they have the ability to al-
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low many intermediate power cycle steps between integration in a Rankine
cycle up to Brayton gas turbine cycles which operate at temperatures of up
to 1300 ◦C. The higher temperatures can result in larger throughput of more
efficient cycles. Coupled with thermal energy storage (TES), solar tower plants
have the ability to operate more than 4500 hours per year at nominal power
(Romero et al., 2002).
1.3 The SUNSPOT cycle
The SUNSPOT cycle (StellenboschUNiversity Solar POwer Thermodynamic
cycle) shown in Figure 1.3, as proposed by Kröger (2012), is an asynchronous
combined Brayton-Rankine cycle that aims to increase thermodynamic effi-
ciency by increasing hot end temperature in the Brayton cycle as well as pro-
vide TES in the form of a rock bed for dispatchable power generation at night.
Figure 1.3: The SUNSPOT cycle (Kröger, 2012)
Pressurized air from the compressor is heated to above 800 ◦C in the central
receiver (CR). A combustor located upstream of the turbine allows for addi-
tional air heating during times of reduced solar radiation, using natural gas
or hydrogen as fuel. Exhaust gas at approximately 500 ◦C is ducted from the
turbine to a packed rock bed TES facility. At night, hot air from the rock bed
is blown through a finned tube boiler, generating steam to drive a bottoming
Rankine cycle.
1.4 The spiky central receiver air pre-heater
(SCRAP)
The CR technology used to heat incoming air from the compressor would
need to provide outlet temperatures of above 800 ◦C, while operating at a low
pressure drop to reduce impact on the Brayton cycle efficiency. The Spiky
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Central Receiver Air Pre-Heater (SCRAP), proposed by Kröger (2008), aims
to address the problems faced in current compressed air CR technology. The
SCRAP receiver uses "spikes" as tubular absorbers that protrude out from
the center of the receiver as shown in Figure 1.4. The spike consists of two
concentric tubes with a finned annulus. Compressed air enters the receiver’s
inner chamber through the central opening, where it travels through the inner
tube of the spike. As the cold air exits the inner tube, it is diverted back
through the irradiated outer tube and finally collected in the outer chamber
of the receiver. The spike internal geometry as well as cross section is shown
in Figure 1.5.
Figure 1.4: Possible layout of SCRAP receiver (Lubkoll et al., 2015)
Figure 1.5: Spike internal geometry (Lubkoll et al., 2015)
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Incoming cold air is preheated by the exiting air and then further heated
as it travels back through the outer tube. Solar irradiation on the base, de-
pending on spike positioning, would also serve to heat the air. Due to the jet
impingement cooling at the spike tip, the highest spike cooling is expected at
the spike tip, which would avoid overheating of the spike section most readily
exposed to solar irradiation.
The SCRAP receiver has been described as an external semi-volumetric
tubular pressurized air receiver. This is because the spikes act as a porous
surface, where the highest temperatures are expected at the base of the receiver
and not the spike tips. Since the highest temperatures occur inside this porous
structure with the lowest exposure to the surrounding environment, radiation
losses are reduced substantially. Previous work conducted on the SCRAP
receiver is discussed in Section 3.8.
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Research objectives and methodol-
ogy
2.1 Problem statement
To date, several studies have been conducted to analyze aspects of the thermal
performance of the SCRAP receiver. The receiver, or part thereof, has not been
tested experimentally in conditions that might be close to the real operating
conditions. This study aims to build on previous work through testing of a
spike cluster in on-sun conditions. The data obtained through experimentation
can be used in validating future simulations and development of the SCRAP
receiver, should any be carried out.
2.2 Research objectives
The main research outcomes are formulated as;
• Gather experimental data of the performance of a single spike of the
SCRAP receiver in on-sun conditions.
• Review existing pressurized air receiver technology and concepts in order
to gain an understanding of factors which contribute to the successful
operation of the receiver, as well as factors that led to the failure of
previous receiver concepts.
• Characterize the solar irradiation distribution on the spike surface in
on-sun conditions.
• Investigate the effect of the internal fins on total heat transfer in the
spike.
• Predict the thermal performance of a full-length finned spike at condi-
tions experienced during the experimental tests.
2.3 Research methodology
In order to provide suitable answers to the research questions, the methodology
starts with the development of an experimental SCRAP receiver based on
7
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previous research work. The experimental model would need to approximate
a full-scale receiver, emulating the same convective shielding from, and view
factors to the surrounding environment as might be expected in a full-scale
receiver.
When developing the experimental receiver, the main driving factors are
material availability and cost, manufacturing limitations and manufacturing
time. Due to small expected testing windows during the project as a result of
seasonal weather limitations, emphasis is placed on getting a receiver manufac-
tured and installed in time to effectively utilize favorable weather conditions.
Based on previous experimental work carried out at the proposed testing
facility, a suitable experimental setup is to be designed. The design would
need to take into account availability and limitations of measuring instrumen-
tation, while remaining inside the proposed project budget. To gauge the
power output from the heliostat field, a field characterization analysis will also
be required.
In order to characterize the irradiation distribution on the spike surface,
an open annulus spike is to be used. The spike will have a bare surface to
ensure minimal blocking of incoming radiation occurs. The spike will have
thermocouples mounted along its length, which will need to be shielded from
exposure to incoming radiation.
To investigate the effect of the internal fins on the total heat transfer in
the spike, a second spike will be constructed from finned sections provided for
the project, while maintaining the same overall dimensions of the reference
spike. Temperature measurements will be taken at several depths into the fin
at different locations on the spike circumference.
Due to potential instrumentation limitations, a 1-D numerical model based
on existing theory is to be developed to gain a better understanding of the
internal heat transfer characteristics in the receiver and to serve as a tool
to predict the performance of a full length finned spike. The model would
be verified through CFD analysis of discreet control volumes of the proposed
spike configuration and validated using the obtained experimental data from
the developed receiver. With this validated model, performance predictions





This chapter gives an overview of what comprises a central receiver, its effi-
ciency, the receiver type and absorber type. Different existing pressurized air
receiver concepts are also discussed.
3.1 The Brayton cycle
From Çengel and Boles (2006), the ideal Brayton cycle, whose P-v and T-s
diagrams are shown in Figure 3.1, consists of an isentropic compression stage
across the compressor, followed by an isobaric heat addition stage. The high
pressure, high temperature working fluid undergoes isentropic expansion in
the turbine, resulting in power generation at the turbine output. The thermal








where γ represents the fluid specific heat capacity ratio and rp represents
the gas turbine pressure ratio. From the given efficiency relationship, the ideal
Brayton cycle thermal efficiency depends only on the turbine pressure ratio
and the specific heat capacity ratio of the working fluid. The pressure ratio rp






where T3 and T4 represent the turbine inlet and outlet temperatures respec-
tively and where T3 is the maximum temperature experienced in the Brayton
cycle. T3 or Tmax, is largely limited by the temperatures which the turbine
materials can withstand, which also limits the pressure ratios that can be used
in the cycle. For a constant turbine inlet temperature, power output, wnet in-
creases for increasing pressure ratios, reaching a maximum and then decreases.
A balance is therefore required between thermal efficiency and power output.
One method of increasing gas turbine efficiency and therefore cycle effi-
ciency is to increase the turbine inlet temperature. In this regard, CRs pro-
vide an excellent solution due to their ability to add heat to a pressurized fluid
at nearly constant pressure. In integrating the Brayton cycle into large scale
CSP power generation systems, the largest factor remains the ability to run a
bottoming Rankine cycle (Basson, 2019).
9
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Figure 3.1: The ideal Brayton cycle (Çengel and Boles, 2006)
In order to obtain any economical power from the Rankine cycle, inlet
temperatures in excess of 500 ◦C are required at the steam turbine inlet (Poživil
et al., 2014). To achieve these outlet temperatures from the Brayton cycle,
gas turbine inlet temperatures of over 1000 ◦C are required (Allen, 2010). This
high temperature requirement places severe stress on upstream components,
calling for more temperature resistant materials and ultimately increasing the
total cost of the system.
Another determining factor in increasing cycle efficiency is the pressure
drop between the turbine and compressor. When using a central receiver
to heat incoming turbine air, emphasis is placed on reducing the pressure
drop across the receiver in order to maintain an efficient pressure ratio. The
allowable pressure drop between the compressor and turbine stage for a solar
receiver using air as HTF is typically between 20 kPa to 30 kPa (Heller, 2017).
The pressure drop across the receiver remains a function of design geometry
and care should be taken to avoid complexity which may hinder manufacturing
practicality.
3.2 Receiver efficiency
Receiver efficiency may typically be defined as the product of all its individual
contributors, where the individual efficiencies are based on receiver spillage,
absorption, radiation, convection and conduction losses, respectively. The in-
dividual efficiencies have been summarized by Stine and Geyer (2001), where
spillage and absorption are classified as optical losses and radiation, convection
and conduction are classified as thermal losses.
Spillage losses are defined as the solar radiation directed at the receiver that
does not directly fall on the receiver’s absorbing area. Spillage is largely de-
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termined by the implemented heliostat aiming strategy. When a more concen-
trated irradiation distribution is desired, radiation is confined to a small area
with a small chance of spillage. The maximum allowable irradiation exposure
on a receiver is typically dictated by the maximum working temperature of
the construction materials used.
Conversely, if a more uniform distribution is desired, radiation is spread
over a larger area with potential for increased spillage. Spillage losses on the
receiver may be reduced by increasing the receiver aperture or area which
absorbs solar radiation. Second to receiver geometry, the heliostat field also
contributes to spillage losses insomuch as tracking accuracy of the heliostat
field control system, mirror curve, mirror surface and beam spread.
Absorptive, or inversely, reflective loss is the solar radiation reflected away
from the absorber due to the surface coating. Reflective losses may typically
be mitigated by the application of a high absorptance paint with absorptance
values of roughly 0.95.
Conduction losses arise from physical contact between the receiver and
tower structure. Conduction losses typically make up the smallest contribution
to overall losses and are mitigated by reducing attachment points and utilizing
materials with low thermal conductivities for the mounting structure.
Arguably the most important losses experienced in a solar receiver are at-
tributed to radiation and convection losses. These are primarily determined by
the surrounding environment where radiation from the receiver as well as con-
vective losses are a function of the difference between the receiver temperature
and temperatures of the environment. Therefore, receiver surface exposure to
the surrounding environment and operating temperature dictates the amount
of radiative and convective losses experienced.
Considering the above mentioned factors determining receiver efficiency, a
problem arises when it becomes difficult to compare efficiencies of receivers
with different configurations. In such cases, the thermal efficiency, ηthermal,
may also be used to evaluate receiver performance, as only the solar radiation
input on the receiver aperture and energy output of the working fluid is ac-
counted for (Lubkoll et al., 2014). This definition does, however, pose some
restrictions when the receiver aperture boundaries are not readily apparent.
3.3 Receiver configurations
Central receivers can typically be classified into two categories; external re-
ceivers and cavity receivers.
3.3.1 External receivers
External receivers, as shown in the example in Figure 3.2, are widely used due
to their simplicity and low cost. Vertical tubes welded together form panels
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that are arranged around the outside of the receiver to form a cylinder. HTF
passes from a manifold at the bottom, through the tubes where the heated
fluid is collected at the top. In a case where molten salt is used as HTF,
the receiver may incorporate several tube passes to achieve the required HTF
temperature. Depending on application, panels may be also be arranged on a
flat panel for use with a polar heliostat field (Stine and Geyer, 2001).
Figure 3.2: External receiver used for direct steam generation (Stine and
Geyer, 2001)
Due to its large exposure to the environment, external receivers are highly
susceptible to heat loss through convection and radiation. Surface area is
therefore kept to a minimum to avoid these losses. External receivers typically
do not function well for HTFs with low specific heat capacities as higher tube
surface temperatures are required to obtain the same power output as for a high
specific heat HTF. These higher temperatures necessarily lead to increased
convective and radiative losses. As radiation is a function of T 4, radiative
losses will dominate at higher temperatures (Stine and Geyer, 2001).
3.3.2 Cavity receivers
Cavity receivers, as shown in Figure 3.3, aim to reduce convective and radiative
losses from the receiver by placing the absorber inside a cavity which protects
it from the environment. Cavity receivers are typically better suited for use
with HTFs with low specific heat capacities as much higher temperatures are
attainable inside the receiver cavity with significantly lower heat loss (Heller,
2017).
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Figure 3.3: The HPAR receiver (Heller, 2017)
3.4 Absorber configurations
Central receiver absorber configurations can commonly be split into two cate-
gories; namely tubular and volumetric absorbers.
3.4.1 Tubular absorber
Tubular absorbers, as discussed in Section 3.3.1, are comprised of banks of
parallel tubes which are exposed to solar irradiation. They are commonly
used due to ease of manufacturing, availability and relatively low cost.
3.4.2 Volumetric absorber
Volumetric absorbers utilize a porous structure for the absorption of solar
irradiation. The porous structure allows the radiation to penetrate into the
absorber, where the heat is absorbed by the HTF which is pumped through the
porous structure. The volumetric effect as described by Romero et al. (2002)
dictates that the temperature of the HTF leaving the absorber is higher than
the irradiated side of the absorber.
The radiative losses associated with volumetric absorbers are much lower
than those of tubular absorbers as very little solar irradiation is reflected from
the absorber surface. Due to the volumetric effect, the hottest part of the
absorber is also shielded, which will further reduce convective and radiative
losses. Figure 3.4 shows a comparison of the temperature profile along the
radial axis for tubular and volumetric absorbers.
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Figure 3.4: Temperature profile along the radial axis for tubular (left) and
volumetric (right) absorbers (Romero et al., 2002)
3.5 Receiver material considerations
While receiver topography and design ultimately determine the thermal effi-
ciency and operational performance, the largest limitations are those posed by
the construction materials. These limitations include the maximum operating
temperature, thermal conductivity, resistance to thermal shock and inertness
to oxidation (Poživil et al., 2014).
In categorizing central receivers for specific applications; at temperatures
below 800 ◦C, open loop receivers are used for Rankine cycle power genera-
tion or process heat. Here, some stainless steels are suitable but nickel-base
super-alloys are preferred for their high temperature resistance and ability to
form absorptive oxides. Above 800 ◦C, open loop receivers are used for indirect
Brayton cycle power generation as well as process heat. Closed loop receivers
have potential for a variety of uses, from direct Brayton cycle power gener-
ation to chemical processes. For these high temperatures, the most suitable
materials are both oxide and non-oxide ceramics due to their high melting
temperature of around 2000 ◦C. The main disadvantage is that they suffer
from poor optical properties and therefore need to be treated to increase ab-
sorptivity (Freudenstein and Karnowsky, 1987).
Failure modes of the respective materials are also of concern. The higher
ductility of stainless steels and nickel-base alloys allows for slower onset of
failure. This provides some opportunity for mitigating catastrophic receiver
failure as failure points may be identified when conducting routine inspection
of receiver components. In contrast, due to the brittleness of ceramic materials
they are more susceptible to rapid onset failure, or more simply - cracking. As
such, steps may be required, depending on receiver geometry, to ensure that
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broken absorber components do not damage neighboring components, which
may lead to cascade failure of the receiver’s internal or external structure
(Avila-Marin, 2011).
3.6 Volumetric cavity receiver concepts to date
To date, several volumetric cavity receiver concepts have been explored with
varying levels of success. The primary contributors to the development of these
receivers have been the Weizmann Institute of Science (WIS) and the German
Aerospace Center (DLR).
3.6.1 DIAPR
The Directly Irradiated Annular Pressurized Receiver (DIAPR), shown in Fig-
ure 3.5a, developed by the WIS, was initially implemented in the DIAPR
project in 1992. The DIAPR’s performance was attributed to two components:
A Porcupine volumetric absorber and a Frustum-like high pressure fused silica
window (FLHIP). The porcupine, made from alumina-silica pins, functions as
a volumetric absorber, transferring heat to the incoming air. The FLIHP sepa-
rates the absorber from the environment, allowing high temperature operation
by admitting solar irradiation and reducing convective losses.
Solar tests were conducted on the DIAPR for over 100 h. Contamination
from dirt and ceramic insulation was found to settle on the window surface,
increasing the window temperature. This heating was negligible and did not
significantly increase radiative losses or create failure-inducing hotspots. The
DIAPR achieved thermal efficiencies in the range of 70% to 90% with an air
outlet temperature range of 870 ◦C to 1200 ◦C. Operating pressures also ranged
from 1700 kPa to 2000 kPa (Kribus et al., 2001).
3.6.2 DIAPR multistage
In an attempt to reduce thermal losses, a second, multi-stage receiver was
also designed by WIS in 1996, shown in Figure 3.5b. The working fluid was
pre-heated through tubular cavity receivers made from Inconel 600, situated
around the main aperture. The pre-heater locations were matched to the
heliostat field, with the intention of absorbing lower solar radiation around
the high temperature stage.
The working fluid was split so that air could also be blown over the quartz
window while the receiver was in operation. The secondary air stream was
passed through the pre-heaters, exiting at roughly 700 ◦C before entering the
high temperature DIAPR stage. Solar testing was conducted for over 40 h,
with maximum outlet temperatures reaching 1000 ◦C at operating pressures of
1600 kPa to 1900 kPa (Avila-Marin, 2011).
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(a) The DIAPR receiver (Kribus et al.,
2001)
(b) The DIAPR multistage receiver (Kribus
et al., 1999)
Figure 3.5: Volumetric cavity receivers developed by WIS
3.6.3 REFOS
The REFOS receiver, shown in Figure 3.6, was developed by the DLR in 1996.
Figure 3.6: The REFOS receiver (Buck et al., 2002)
A volumetric absorber, consisting of multiple layers of heat resistant wire
screens is installed inside an internally insulated pressure vessel. An inverted
dome shaped quartz window separates the absorber from the environment and
admits solar radiation to the absorber. A secondary concentrator mounted
on the outside of the absorber serves to concentrate incoming solar radiation,
reflecting it towards the quartz window. A reported thermal efficiency of 78%
was achieved with an air outlet temperature of 1030 ◦C (Buck et al., 2002).
After an operating time of 500 h at air temperatures between 600 ◦C to
800 ◦C, observations reported several problems with the quartz glass of the
dome shaped window. Surface contamination had burned into the glass, in-
creasing absorptivity and therefore resulting in higher temperatures in the
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quartz window. The higher temperatures also served to propagate cracking of
microscopic manufacturing defects with thermal cycling (Lubkoll et al., 2014).
3.6.4 ALSTOM
The ALSTOM receiver, shown in Figure 3.7, is currently under development
at ETH Zürich. The proposed design features a silicon carbide annular Retic-
ulated Porous Ceramic (RPC) foam, held between two concentric cylinders.
Figure 3.7: The ALSTOM receiver (Poživil et al., 2014)
A compound parabolic concentrator at the aperture intends to concentrate
solar radiation onto the silicon carbide inner cavity, while reducing aperture
size and radiation losses. Pressurized air moves through the RPC foam, which
is heated through conduction from the inner cavity. Peak operating efficiencies
of 77% were obtained for air outlet temperatures of 553 ◦C, while operating at
500 kPa. An optimized design is expected to deliver operating efficiencies of
up to 90% with air outlet temperatures of 700 ◦C (Poživil et al., 2014).
3.7 Tubular cavity receiver concepts to date
The SOlar HYbrid power and COgeneration (SOLHYCO) and SOLar Up-scale
GAS (SOLUGAS) receivers were developed from 2006 and 2008 respectively
by DLR and Abengoa Solar, along with several others.
3.7.1 SOLHYCO
The SOLHYCO receiver, shown in Figure 3.8a, was to serve as a pre-heating
stage for a micro turbine. The tubular absorber consisted of 40 tubes made
from three-layer Inconel-Copper-Inconel pipes, which were mounted in a cone
formation inside the receiver cavity box. Air enters the tubes from the toroidal
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distributor, heating up as it travels through the tubes and then passing into
the collector. At its design point of 800 ◦C outlet air temperature, the receiver
was predicted to operate at a thermal efficiency of 77.7%. The receiver was
tested over a period of 100 hours of solar operation. The predicted accuracy
could not be verified as cracking in the three layer pipe led to extensive heat
leaks inside the receiver cavity box (Amsbeck et al., 2008).
(a) The SOLHYCO receiver (Amsbeck
et al., 2008)
(b) The SOLUGAS receiver (Korzynietz
et al., 2016)
Figure 3.8: Tubular cavity receivers developed by DLR, Abengoa Solar and
several others
3.7.2 SOLUGAS
The SOLUGAS receiver, shown in Figure 3.8b, was to be implemented as a
turbine pre-heater for combined cycle power generation. The receiver consisted
of 10 tubular absorber panels, with 17 tubes per panel, arranged inside a
support frame. The absorber panels were covered with insulation to minimize
heat losses from the outer side of the receiver. The tubes were made of Inconel
617, while the inlet distributor was made of stainless steel. Test results show
that the receiver achieved a thermal efficiency of 78% at an outlet temperature
of 794 ◦C. The pressure drop across the receiver was measured at around 20 kPa
(Korzynietz et al., 2016).
3.7.3 Coiled tube pressurized air receiver
Another novel coiled tube pressurized air receiver is currently under devel-
opment at the Key Laboratory of Solar Thermal Energy and Photovoltaic
Systems at the Chinese Academy of Sciences. The receiver, shown in Fig-
ure 3.9, features a double-spiral tubular absorber shaped into a conical form.
The spiral tubes are constructed from stainless steel 310s tube with a 4 mm
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inner diameter and a 2 mm wall thickness. By incorporating two flow chan-
nels, the flow resistance through the tubes is reduced, as opposed to a single
channel coil for the same aperture. It was found that due to the minimum
bending radius of the tubes, an opening of 60 mm diameter results at the rear
of the conical tube assembly, leading to less exposure of the tubular absorber
to incident radiation. The receiver was found to reach air outlet temperatures
of 787 ◦C while operating at a thermal efficiency of 53% and a pressure drop
across the receiver of 170 kPa (Chu et al., 2018).
Figure 3.9: Coiled tubular pressurized air receiver (Chu et al., 2018)
3.8 Previous work conducted on the SCRAP
receiver
An initial study was conducted by Lubkoll (2017) to develop an understand-
ing of the performance of the SCRAP receiver. The study begins with a ray
tracing analysis on a proposed reference receiver geometry, given in Table 3.1,
to determine the effects of heliostat field design on the receiver performance.
The analysis found that smaller facets produce a more uniform irradiation dis-
tribution on the spike with a higher penetration depth . Larger facets led to
a higher irradiation concentration at the front of the spike with a lower pene-
tration depth. The analysis also indicated that some energy misses the spike,
impinging on the sphere surface. The three cases with different heliostat sizes
are presented in Figure 3.10, where all cases exhibit equal energy absorption,
within 1.5%.
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Table 3.1: Reference SCRAP receiver geometry (Lubkoll, 2017)
Parameter Value
Sphere radius 2 m
Spike radius 0.035 m
Spike length 1.0 m to 1.3 m
Tower height 82 m
Spike root spacing 18 mm
Total spikes 496
0 0.2 0.4 0.6 0.8 1 1.2 1.4





























Figure 3.10: Irradiation distribution along spike length (Lubkoll, 2017)
Following the ray tracing analysis, a numerical model was developed to
investigate the receiver performance under design conditions. The model was
complemented by the development and construction of a laboratory test setup,
utilizing steam heating at 100 ◦C, which would be used to validate the internal
heat transfer and air-flow models. A fin geometry similar to that shown in Fig-
ure 1.5 was employed, albeit with a smaller number of fins. Spike test sections
were manufactured through wire cutting, which allowed for 24 rectangular
straight ducts. Good agreement was found between the model predictions and
test setup for different air flow rates under laboratory conditions. The vali-
dated model predicted that the receiver may operate at thermal efficiencies of
79% to 85% with respective air outlet temperatures of 768 ◦C to 801 ◦C, where
ambient cross wind speed increases from 0 m/s to 5 m/s. Low radiative heat
losses were reported due to the dense geometric spacing, however, the receiver
would be vulnerable to convective losses due to the large exposed surface area.
Three different irradiation distributions were considered, namely a uniform
profile and two linear profiles, with maximum solar irradiation occurring at the
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root and tip, respectively. The analysis showed that the peak irradiation lo-
cations define the regions with strongest heating caused by the high air-metal
differential temperature. For the case with a high irradiation concentration
towards the tip, increased losses are experienced due to exposure of high tem-
perature surfaces to the environment. Conversely, for the case with a high
irradiation concentration towards the root, the volumetric effect is better uti-
lized, reducing exposure of high temperature surfaces to the environment and
decreasing losses. In all cases, the highest material temperatures are experi-
enced at the spike tip which is the most exposed part of the receiver structure.
Following high tip temperatures, high root temperatures are also observed due
to the reduced interaction with the environment.
Several recommendations were proposed with regard to further work on the
SCRAP receiver. First, in an effort to further enhance cooling at the spike tip,
Lubkoll (2017) suggested the implementation of jet impingement cooling from
the inner tube, whereby a nozzle serves to decrease the flow area and increase
air velocity. This was further explored in a CFD study by McDougall (2019).
It was found that a nozzle was necessary to achieve sufficient cooling at the
tip. A parametric analysis indicated that the nozzle diameter was the most
sensitive geometric parameter determining the overall pressure drop across the
spike and tip heat transfer capabilities. By decreasing the nozzle diameter, a
drastic pressure drop is induced with the benefit of a significant increase in
heat transfer.
Another suggestion was the use of helically swirled fins inside the spike an-
nulus instead of straight fins. The proposed benefits include the improvement
of heat transfer by inducing secondary air flow patterns as well as allowing the
flow stream to pass circumferential positions several times. The latter would
mitigate the effects of non-uniform irradiation distribution. It is thought that
hotspots caused by non-uniform irradiation distributions will lead to higher
heating in some ducts and a subsequent higher pressure drop. This would
induce a runaway problem where air increasingly passes through colder ducts,
allowing the hot side to further overheat.
The concept of helically swirled fins was further investigated by Grobbelaar
(2019). Spike sections manufactured through selective laser sintering and fea-
turing 24 rectangular helically swirled ducts were investigated for heat transfer
and pressure drop characteristics. The results were compared to existing em-
pirical correlations as well as a developed CFD model. Experimental and
CFD results generally showed good agreement, while empirical correlations
were seen to predict heat transfer coefficients with a maximum error of 14 %
and pressure drop with a maximum error of 12%. It was found that the helical
configuration could increase the average heat transfer coefficient in the ducts
by 21% to 29%. The helical configuration also induced a significant increase
in pressure drop ranging from 8% to 300% for the respective heat transfer
coefficient gains.
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3.9 Conclusion on literature review
The literature review investigated the concept a central receiver. Several no-
table pressurized air receiver concepts that have been explored to date were
discussed. From these receivers, the conclusion can be drawn that design sim-
plicity is a strong indication of the long-term operational success of a central
receiver. In the case of the discussed volumetric cavity receivers, the more
complex inverted dome shaped quartz window of the REFOS receiver induced
failure where the FLHIP of the DIAPR receiver did not. Similarly, the three
layer pipe utilized in the SOLHYCO receiver also induced failure where the
comparative layout of the SOLUGAS receiver operated successfully. In some
cases, the degree of design complexity also calls for more "exotic" materials,
which would increase the total receiver cost.
Previous work conducted on the SCRAP receiver was also investigated.
From the previous work it can be concluded that the SCRAP receiver shows
potential for implementation into a solarized Brayton cycle. This is, however,
conditional on several factors, primarily the final air outlet temperatures at-
tainable with a given spike geometry and how the spike geometry influences the
overall receiver cost. Mitigating steps such as coiled fins and jet impingement
tip cooling would also be required to reduce maximum material temperatures
to prevent failure, which would have deleterious effects on the total pressure




In order to gain a better understanding of the heat transfer mechanisms in-
volved in the SCRAP spike, a 1-D numerical model was developed. The model
would lend insight into the thermal performance of the spike under different
irradiation exposure and flow conditions. The model would also serve as a
platform to compare the effect of the proposed finned annulus on thermal
performance, as opposed to an open annulus.
4.1 Model topography
The spike is split into three sections, namely the inner tube, spike tip and open
annulus. Figure 4.3 shows the topography for the reference open annulus spike.
The inner tube and open annulus are divided into n discreet control volumes.
The subscripts i and o denote inner and outer control volume, respectively.
General dimensions are provided in Figure 4.2.
Figure 4.1: Open annulus spike topography
Figure 4.2: Open annulus spike dimensions
Figure 4.3 shows the alternative model topography for the mixed annulus
spike. As two 200 mm finned sections were provided for this project, the spike
23
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would be composed of a 400 mm finned annulus section towards the front and
an open annulus section towards the rear to make up the remaining length of
the spike. General dimensions are provided in Figure 4.4.
Figure 4.3: Mixed annulus spike topography
Figure 4.4: Mixed annulus spike dimensions
The numerical model uses an explicit formulation to solve for the con-
trol volume and wall temperatures. An explicit formulation is chosen over
an implicit formulation primarily for its relative simplicity and ease of imple-
mentation. Since an explicit formulation is only conditionally stable, the time
step size is determined from the stability criterion:(∆t/∆x2) ≤ 0.5, where ∆x
is the control volume size. Since the internal flow is strongly convective and
moves in one direction only, a 1st-order upwind discretization scheme is used
to calculate control volume air temperatures. A 1st-order upwind scheme is
chosen for its stability as well as its ability to yield physically realistic solu-
tions (Versteeg and Malalasekera, 2007). Air properties are calculated at the
node temperatures and all properties except density are temperature, but not
pressure, dependent. Density is calculated from the ideal gas law. Polynomial
regression data used to calculate the thermal properties of air and steel are
given in AppendixF. Successive control volume temperatures are calculated
by the governing equation
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The spike wall control elements interact with the surrounding environment
as well as neighboring elements. Therefore, when calculating the conduction
heat transfer between wall elements, a central differencing scheme is used. The
spike wall temperatures are calculated by the governing equation






In both the above governing equations, Q̇ denotes the total heat transfer
to the control elements or volumes. The heat transfer mechanisms involved
for interacting control elements and volumes are illustrated in Figure 4.5.
Figure 4.5: Thermal network for interacting control volumes
At the spike surface, the control element first receives solar irradiation
from the heliostat field. The control element is subject to both natural and
forced convection heat transfer to the surrounding environment, driven by the
ambient air temperature, Tamb. There is a radiation heat loss to the surround-
ing environment, driven by Tsky. A radiation interaction occurs between the
control element and both the surrounding spikes and the receiver base with
temperatures Tspikes and Tbase, respectively. Finally, convection heat transfer
occurs between the wall element and the outer control volume element. To
simplify the numerical model, a radially uniform wall temperature is assumed.
At the outer control volume, the air experiences convective heat transfer
from the wall element and convective heat transfer to the inner control vol-
ume through the inner tube wall. The inner control volume experiences only
convective heat transfer from the outer control volume through the inner tube
wall. Since the inner tube is reasonably thin and air mass flow through the
inner tube is expected to be high, it is assumed that heat transfer coefficients
at the inner tube inner wall will also be high and that subsequently, the inner
tube wall temperature would approximate the inner tube air temperature. The
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inner tube wall is therefore not modelled explicitly but its thermal resistance








For the finned annulus outer control volumes, a similar approach is used.
Figure 4.6 gives the general dimensions of the finned spike section and illus-
trates the discretization of the outer control volume and wall. At the wall,
all heat transfer mechanism to the surrounding environment applies. As the
finned sections are symmetrical, only a single duct is modelled as shown in
Figure 4.6b.
(a) Finned annulus layout (b) Duct discretization
Figure 4.6: Duct topography
The fins are coupled to the spike wall and the assumption is made that the
fin tip approximates the same temperature as the inner tube. For a fin with
a specified fin tip temperature, the heat transfer to the air is calculated from













and rf , tf and kf are the the fin height, thickness and thermal conductiv-
ity, respectively. p and Ac denote the fin perimeter and cross-sectional area,
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respectively. The thermal conductivity of the finned sections is taken from
the manufacturer datasheet as 20 W/mK for CL 50WS hot-work steel. At the
fin root, the arc length between adjacent fins is roughly equal to 0.66 mm.
Compared to the remaining heat transfer surface area, the contact area at
the inner tube outer wall can be assumed to be negligibly small. It is then
also assumed that convection heat transfer from the outer control volume to
the inner control volume through the inner tube wall would also be negligibly
small.
4.2 Velocity and pressure
To calculate the air pressure drop inside the spike, the principle of momentum
conservation is used. The momentum conservation principle for a stationary











Sum of forces acting
on the control volume
}
(4.6)
where the first term denotes the rate of momentum accumulation in the
control volume.
Figure 4.7: Stationary control volume subject to pressure and shear forces





= ∆y∆z(ρUU |x − ρUU |x+∆x) + ∆x∆z(ρUV |y − ρUV |y+∆y)
+ ∆x∆y(ρUW |z − ρUW |z+∆z)
+ ∆y∆z((−P + τxx)|x+∆x − (−P + τxx)|x)
+ ∆x∆z(τxy|y+∆y − τxy|y) + ∆x∆y(τxz|z+∆z − τxz|z)
(4.7)
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For a steady flow, where no mass transfer across the y and z faces occurs,
the momentum balance can be simplified to
∆z(ρUU |x+∆x − ρUU |x) =∆z(P |x − P |x+∆x) + ∆x(τxz|z+∆z − τxz|z) (4.8)
Substituting πDh∆x and πD2h/4 for the surface and flow areas, ∆x and
∆z, gives
(ρUU |x+∆x − ρUU |x) =(P |x − P |x+∆x) +
4∆x
Dh
(τxz|z+∆z − τxz|z) (4.9)
where Dh is the hydraulic diameter. Rearranging and applying upwind
discretization gives an equation for pressure drop per unit flow length

















At the spike tip where air flow turns through 180◦, the same formulation is
used without the shear stress term. The resulting pressure drop at the spike
tip is caused by both the change in flow area as well as the change in flow
direction.
At the spike outlet, a pressure drop is induced due to the sudden expansion
when travelling from the spike to the air manifold. Similarly, a pressure drop
is induced by the sudden contraction when the air flows from the air manifold
into the exhaust. As the flow travels through the exhaust, a further friction
induced pressure drop is also observed. Finally, as the air exits the exhaust and
is vented to atmosphere, a sudden expansion pressure drop is induced. The
spike outlet, exhaust inlet and exhaust outlet is, in this case, characterized
as a sharp-edged pipe outlet and inlet with loss coefficients of KL,se = 1.05
and KL,sc = 0.5, respectively (Çengel and Cimbala, 2014). The corresponding

















where the subscripts so, ei and ex denote "spike outlet", "exhaust inlet"
and "exhaust", respectively. A boundary condition of 101.3 kPa is set at the
exhaust outlet.
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4.3 Internal convection heat transfer
In this section, the selection of the friction factor correlations and Nusselt
number correlations used to calculate the pressure drop and forced convection
heat transfer coefficients inside the spike are discussed. The forced convection
heat transfer is calculated from Newton’s law of cooling, given by
q̇conv = h(T1 − T2) (4.14)
where T1 − T2 denotes the temperature difference between participating






where Dh denotes the hydraulic diameter of the particular flow area and k
is the fluid thermal conductivity. The implementation of the friction factor and
Nusselt number correlations was verified through CFD modelling of discrete
flow sections, presented in AppendixB.
4.3.1 Inner tube
To date, turbulent flow in circular tubes has been studied in depth and several
correlations for friction factor and Nusselt number have been developed. Some
of these correlations have also been developed from experimental data, leading
to a high degree of suitability for other practical applications. To calculate the
friction factor through the inner tube, the assumption of a smooth wall is made.
The first Petukhov equation (Petukhov, 1970), valid for 3000 < Re < 5× 106,
can be used to calculate friction factor, given as
fii = [0.790 ln(ReD)− 1.64]−2 (4.16)
The internal heat transfer Nusselt number is calculated using the second
Petukhov equation as modified by Gnielinski (Gnielinski, 1976) which produces










Since the geometry and flow through the open annulus varies somewhat from
that of the inner tube, Nusselt number correlations for circular tubes cannot
be directly applied to calculate the Nusselt number for flow in concentric an-
nuli. Work done by Dirker and Meyer (2004), along with several other studies
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by the same authors on the same topic, developed a set of Nusselt number cor-
relations for flow through concentric annuli. The correlations were developed
experimentally using several different geometries and verified through CFD
modelling. The process used to calculate the Nusselt number at the inner
tube outer wall and the outer tube inner wall is followed as set out in Dirker








= Do −Di [m] (4.18)
For the friction factor in the open annulus, the first Petukhov equation
(Petukhov, 1970) given in Equation (4.16) is also suitable. The inner and outer
surface Nusselt numbers are calculated using the experimental correlations

























where Ci = 0.027. B and Co are given by




0.063a3 − 0.674a2 + 2.225a− 1.1557
(4.22)
where a represents the annular diameter ratio. The presented correlations
are accurate for 4000 < Re < 30000 and 1.7 < a < 3.2.
4.3.3 Finned annulus
Work conducted by Grobbelaar (2019) sought to investigate the effect of coiled
ducts on heat transfer and pressure drop through rectangular duct spike sec-
tions. Several empirical correlations were compared to a CFD model as well
as experimental results from a manufactured test section. From the empirical
correlations, it was found that the correlations for friction factor and Nusselt
number developed by Kakaç et al. (1987) gave the most accurate results, with
maximum deviations of roughly 10%. The correlations for friction factor and
Nusselt number as developed by Kakaç et al. (1987) is therefore used for the
finned annulus. The developed correlations rely on modification of the existing
first Petukhov equation and Dittus-Boelter equation.
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where the flow area and perimeter are given by Equation 4.24 and Equa-
tion 4.25, respectively.
Aduct =






+ 2(roi − rio) [m] (4.25)
The first Petukhov equation, given in Equation 4.16 is here defined as fs
and the Dittus-Boelter equation (Dittus and Boelter, 1930) is given as
Nus = 0.023Re
0.8Pr0.4 (4.26)
where the subscripts s and c denote "straight" and "coiled", respectively. At









where D is the mean coil diameter and a is the duct width. For a tubular
coil, the mean coil diameter would be measured from the tube centers. For
a triangular duct, it is proposed that this distance is taken between duct
centroids which, for a roughly triangular duct, would mean the centroid is at
roughly 2/3 of the duct height from the duct root. At Re > 8000, the friction
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4.3.4 Tip
Previous work by Lubkoll (2017) and McDougall (2019) sought to determine
the jet impingement heat transfer characteristics of the spike tip where the
work was confined to air mass flow rates of 0.026 kg/s and 0.0326 kg/s, respec-
tively. The proposed heat transfer coefficients correlations are therefore not
well suited for this analysis where a range of air mass flow rates will be used. A
possible alternative would be to model the tip as purely an energy inlet where
heat transfer is not determined by flow characteristics.
To overcome this, a similar process to Lubkoll (2017) and McDougall (2019)
was followed where the tip region was modelled using ANSYS Fluent to obtain
a correlation for the convection heat transfer coefficient at various air mass flow
rates. The fluid domain was chosen as the spike tip, with a section of the spike
extending 100 mm behind the tip region. Since the tip region can be described
as uniform around the spike axis, the problem can also be simplified to an axi-
symmetric model. From the work done in Lubkoll (2017), McDougall (2019)
and Grobbelaar (2019), it was found that the realizable κ−ε turbulence model
yields acceptable results was therefore also used for the spike tip model.
For increasing air mass flow rates, and subsequent increasing Reynolds
numbers, it is expected that mesh refinement of the tip wall would be required
to model the laminar sub-layer and buffer region. This would mean developing
suitable meshes for each flow rate being tested. It is, however, desired that
the same mesh be used throughout and, in this case, the use of scalable wall
functions offers a suitable alternative. The use of scalable wall functions dis-
places the mesh to y+ ≈ 11.225 without consideration of mesh refinement at
the wall, reducing the amount of refinement required to accurately model the
laminar sub-layer and buffer region (Grotjans and Menter, 1998).
Figure 4.8: Coarse mesh at tip region
Starting from an initial coarse mesh, as shown in Figure 4.8, with total
air mass flow rate at 0.11 kg/s, the mesh was successively refined at the tip
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region until the average heat transfer coefficient at the tip wall was indepen-
dent of mesh size and y+ had reached approximately 11.225. The same mesh
was used to obtain a correlation for the heat transfer coefficient with an air
mass flow range from 0.01 kg/s to 0.11 kg/s. Mesh independence data can be
found in AppendixB. The obtained average heat transfer coefficient values for
increasing air mass flow rate are shown in Figure 4.9.
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11






























Figure 4.9: Average tip wall heat transfer coefficient for increasing air mass
flow rates
The trend can be given by a second order polynomial in the form of
ht(ṁ) = −6.65× 104ṁ2 + 2.138× 104ṁ
+ 1.583
[W/m2K] (4.31)
4.4 External convection heat transfer
At the spike surface, or outer wall, and spike tip, combined natural and forced
convection occurs due to wind and changes in air buoyancy. For a case where
both natural and forced convection occurs, a combined Nusselt number ap-




where the + or − are used for assisting and opposing flows, respectively.
The parameter, n, also varies from 3 to 4 for vertical and horizontal surfaces,
respectively (Çengel and Ghajar, 2015). For this case, an assisting horizontal
configuration is assumed. The Nusselt number for external natural convection
over a horizontal cylinder and sphere is calculated using the equations provided
in Çengel and Ghajar (2015), given as
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where the air properties are calculated at the film temperature, Tf =
0.5(Ts+T∞). For the forced convection Nusselt number over a sphere,Whitaker’s
equation (Whitaker, 1972) is used, given as






where the subscripts s and ∞ denote the fluid viscosity at the wall surface
and free stream temperatures, respectively. The forced convection Nusselt
number over a cylinder is calculated using the equations provided by Žukauskas
(1972), given in Table 4.1.
Table 4.1: Forced convection Nusselt number correlations for a cylinder in
cross-flow (Žukauskas, 1972)
Reynolds number Nusselt number
0.4 - 4 Nu = 0.989Re0.330Pr1/3
4 - 40 Nu = 0.911Re0.385Pr1/3
40 - 4000 Nu = 0.683Re0.466Pr1/3
4000 - 40,000 Nu = 0.193Re0.618Pr1/3
40,000 - 400,000 Nu = 0.027Re0.805Pr1/3
4.5 Thermal radiation heat transfer
At the spike surface, radiation interactions occur with surrounding spikes,
the receiver base and the surrounding environment. From the perspective of
this work, the surrounding spikes and the receiver base would exhibit higher
temperatures than the center spike, which would give a radiative heat input to
the center spike. Towards the front of the spike, as the distance between spikes
increase, an increasing exposure to the surrounding environment is expected.
The tip is, in all cases, completely exposed to the surrounding environment.
The radiation interaction from a spike element to the surrounding receiver
geometry and the surrounding environment is calculated from
Q̇rad = AooF1→2εsσ(T
4
1 − T 42 ) [W] (4.36)
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Where T1 and T2 denote the center spike element wall temperature and
surrounding geometry/environment temperature, respectively. For the sur-
rounding environment, the temperature is taken as Tsky = 7 ◦C . Due to the
long weather exposure of the experimental receiver, the thermal emissivity,
εs, is taken as that of steel with a heavily oxidized surface, 0.81 (Çengel and
Ghajar, 2015). To date, a multitude of work has been conducted in developing
view factor correlations for a variety of common heat transfer configurations.
For the view factor from the spike element to the receiver base, the spike is
modelled as the surface of a cylinder normal to an annular disk at the end of






























where R = r1/r2, H = h/r2, A = H2 + R2 − 1 and B = H2 − R2 + 1.
r1 and r2 denote the cylinder and annular disk radii, respectively. The rule
of superposition can be used to calculate the view factors for successive spike
elements, which can be summarized as
Fs,3→b = Fs,(3+2+1)→b − Fs,(2+1)→b (4.38)
Several correlations exist for calculating view factors between inclined cylin-
ders. None of the correlations, however, exactly match the current scenario
and a combination of Hottel’s crossed-strings method and the view factor for
parallel cylinders is therefore used. The center spike and a neighboring spike
is discretized as shown in Figure 4.10.
Figure 4.10: Discretization of center and neighboring spike
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The uncrossed strings ( 1○ and 4○) and crossed strings ( 2○ and 3○) from a
center spike element, n, to an element on the neighboring spike, in this case c,
can be shown to take the form
1○ =
√
(P∆x)2 + (rs + (n+ (P − 1))∆xsinθ)2
2○ =
√
((P − 1)∆x)2 + (rs + (n+ (P − 1))∆xsinθ)2
3○ =
√
((P + 1)∆x)2 + (rs + (n+ P )∆xsinθ)2
4○ =
√
(P∆x)2 + (rs + (n+ P )∆xsinθ)2
where P denotes the position of the neighboring spike element and θ is the
inclination angle of the neighboring spike from the center spike. For directly
opposing elements, P = 0, increasing to the right. For n → c, P = 1. The
formulation can be extended to obtain a 2-D view factor from a spike element,
n, to every element on the neighboring spike, capturing the relative change in
view factor to neighboring elements further away from the center spike element.
The formulation of the crossed-strings method is given by
Fi→j =
Σ(Crossed strings)− Σ(Uncrossed strings)
2(Strings on surface)
(4.39)
To extend the 2-D view factor to a 3-D space, the assumption is made
that between directly opposing elements the view factor can be approximated
as that of parallel cylinders. The 2-D view factor between directly opposing
elements is scaled to that of parallel cylinders, calculated using (Mills and
Ganesan, 1999)









where X = 1 + S/d, as shown in Figure 4.11. The same scale factor is also
applied to all other 2-D view factors. The above process is extended to include
6 inner row spikes angled at 3◦ from the center spike and 6 outer row spikes
angled at 6◦ from the center spike, in accordance with the proposed design for
the experimental receiver.
Figure 4.11: View factor between parallel cylinders
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The view factor from a spike element to the surrounding environment is
calculated using the premise that the total view from the element to all sur-
rounding geometry and environment should be unity. The view factor to the
surrounding environment, or sky, is calculated as
F1→sky = 1− (6F1→inner,spikes)− (6F1→outer,spikes)− (F1→base) (4.41)
4.6 Solar irradiation
The solar irradiation at the spike surface is given as
Q̇rad = psolAooαsIap [W] (4.42)
where Iap and psol indicates the irradiation on aperture and irradiation con-
centration, as a percentage of the irradiation on aperture for a given position,
respectively. The solar absorptance is taken, again as that of steel with a
heavily oxidized surface, αs = 0.89 (Çengel and Ghajar, 2015).
4.6.1 Spike aperture
In order to calculate the spike thermal efficiency, the spike aperture is defined as
the total area at the outer surface of the receiver that receives solar irradiation.
The spikes on the experimental receiver will be angled at 3° from the center
spike for each row of spikes. Each spike’s aperture therefore spans 3° of arc
from the theoretical center-point of the receiver. However, since the outer rows
of spikes are not actively cooled and the heliostat field is to be aimed at the
center spike, this definition is changed to include the total area between the
inner spike row as depicted in Figure 4.12.
Figure 4.12: Depiction of spike aperture
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The aperture area can be calculated from
Aap = π(Lspike tan 3
◦ + rspike + rs)
2 [m2] (4.43)
where rspike and rs denote the spike radius and root spacing, respectively.
4.6.2 Irradiation concentration
As discussed previously, a ray tracing analysis using Tonatiuh ray tracing
software was conducted by Lubkoll (2017) to determine the effects of heliostat
field design on receiver performance. From the variety of existing ray tracing
software packages available, only Soltrace (NREL) and Tonatiuh (CENER)
are "free-to-use" (Bode and Gauché, 2012). Both packages have been shown
to be able to model complex systems efficiently and with good accuracy. The
user interfaces for both packages are, however, cumbersome and therefore their
use may be hard to justify for simple analyses where the cost of setup time
may outweigh the advantage of efficiency and accuracy.
A novel approach to solving the radiative transfer equation using the finite
volume method, in particular the discrete ordinate (DO) method, in ANSYS
Fluent has been investigated by Moghimi et al. (2015) to combine optical and
thermal modelling of a linear fresnel collector receiver. The most notable limi-
tations of the DO method, as described by Chai and Patankar (2006), are false
scattering and the ray effect. False scattering occurs due to numerical diffusion
and leads to smearing of the projected radiation. The ray effect leads to incor-
rect directions of the projected radiation. These limitations can be overcome
by refining the computational mesh, increasing the angular discretizations of
the DO model or by increasing the spatial discretization order.
Moghimi et al. (2015) found that for increasing mesh size, angular dis-
cretization and spatial discretization order, results comparable to the Implicit
Monte Carlo method could be obtained. It was further found by Craig et al.
(2015) that when the computational domain can be said to be symmetric or
axi-symmetric, a 2-D formulation could be used whereby the DO model solves
for 4(NΦ×Nθ) directions for four octants instead of the more computationally
expensive 3-D formulation, 8(NΦ ×Nθ) directions for eight octants.
In order to gain a better initial understanding of the irradiation concen-
tration on the spike surface, a DO radiation model using the domain shown
in Figure 4.12 was developed. A process similar to Craig et al. (2015) was
followed where the area between the inner spike row is modelled and an axi-
symmetric formulation is used to reduce the computational resource require-
ments, as shown in Figure 4.13. At the aperture, an arc is used with a center
point coinciding on the spike axis behind the tip. The aperture is modelled
as a transparent wall with direct specular irradiation of 1000 W/m2 into the
domain. The direction is specified as normal to the boundary using a user
defined function.
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Figure 4.13: DO radiation model intermediate mesh example
The spike wall, tip and top of the domain are modelled as black opaque
walls with an emissivity of 1. To induce irradiation reflection from the receiver
base to the spike, the base is modelled as a grey surface with an emissivity to
solar radiation of 0.92 (Çengel and Ghajar, 2015). Irradiation from the base
is defined as purely diffuse. To verify mesh independence, an initial arc center
point was set at 1 m behind the tip. In this configuration, the highest amount
of false diffusion would be experienced as the irradiation direction would be
dis-aligned with the computational mesh.
Mesh density and the amount of angular discretizations was increased until
a constant value for average surface incident radiation was obtained on the
spike wall. This process was repeated for both 1st and 2nd- order upwind
spatial discretization schemes, as discussed in AppendixB.3. The solution was
found to be stable for a mesh with 4094 cells, using Nθ×NΦ = 70×70 angular
divisions with a 2nd- order upwind scheme.
For a receiver with the reference geometry set out in Lubkoll (2017), the
irradiation focal point would be at the center of a sphere with a 2 m radius.
For a 1 m length spike, this would coincide with a focal point at 3 m behind the
tip. To simulate a constant irradiation at the spike aperture converging to the
center point of the receiver, the arc center point was changed to 3 m behind
the tip. For the 3 m case, the average surface incident radiation on the spike
wall amounted to 70.72 W/m2. An average base surface incident irradiation of
1857.78 W/m2 was also recorded. The obtained irradiation profile is shown in
Figure 4.14.
From the DO model, it is seen that behind the spike tip the irradiation
concentration on the spike wall is roughly 2.3% of the irradiation on aperture.
The irradiation concentration increases exponentially towards the spike root, to
approximately 22%, where a sharp increase in concentration is experienced due
to irradiation reflection from the receiver base. To incorporate the irradiation
profile into the 1-D model, a 2-term exponential curve is fitted to the given
profile in Figure 4.14, given by
psol1 = 0.16e
−37.48l + 0.0785e−0.8895l − 0.00945 (4.44)
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Figure 4.14: Surface incident radiation profile for an aperture focus point at
3 m behind the tip
The irradiation concentration profile obtained from the DO model is con-
sidered an ideal approximation that would be exhibited with a perfectly fo-
cused heliostat field. It is not expected that this would be the case for the
experimental work conducted. Both the DO model irradiation concentration
profile, as well as a more realistic formulation will be considered after obtaining
experimental data.
4.7 Conclusion
The developed model would be used to gain a better overall understanding of
the thermal performance of a SCRAP spike under a variety of external condi-
tions as well as to confirm thermal tendencies due to potential instrumentation
limitations. The 1-D model, along with the DO irradiation model would also
aid in characterizing the irradiation concentration on the spike surface under
realistic operating conditions. Finally, the 1-D model would serve as a plat-
form to predict the performance of a fully finned spike and to compare its
thermal efficiency to that of an open annulus spike. The effect of the internal
fins on the total heat transfer in the spike will also be investigated.
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Experimental design and setup
Based on the findings of the existing literature and previous work conducted on
the SCRAP receiver, an experimental receiver was designed and constructed.
The receiver was installed on the Solar Roof Laboratory’s lattice tower and
tested in on-sun conditions. This chapter covers aspects of the experimen-
tal investigation such as the experimental facility, experimental setup and in-
strumentation locations. Experimental limitations and constraints are also
discussed.
5.1 Helio40 facility
The Helio40 solar research facility shown in Figure 5.1, funded by Sasol, is
situated on the solar roof of the Mechanical and Mechatronic Engineering
building at Stellenbosch University. The length of the solar roof sits at a
heading of roughly 293°. It consists of a receiver tower and a heliostat field.
The heliostat field is located at the south-eastern end of the roof and houses
18 1.83 m× 1.22 m heliostats with a combined aperture of 40 m2.
Figure 5.1: Schematic of Helio40 facility (Grobler, 2015)
The 18 m receiver lattice tower sits at the northern corner of the roof and
holds a Lambertian target at the bottom, a heliostat calibration target and
mounting space for a receiver at the top, as shown in Figure 5.2a. At the time
of testing, 12 heliostats had been installed and fitted with control modules. Of
these 12, Heliostats 4 and 7 shown in Figure 5.2b had experienced intermittent
41
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failures. As a result, only 10 heliostats were functioning reliably and therefore
only 22 m2 of the 40 m2 combined aperture was utilized.
(a) Helio40 layout (Joubert, 2019) (b) Helio40 heliostat field (Basson, 2019)
Figure 5.2: Helio40
5.1.1 Heliostat field characterization
In order to calculate receiver thermal efficiency it is important to have a reliable
measurement of incoming solar radiation from the Helio40 heliostat field. To
this end a study was conducted to characterize the performance of the heliostat
field.
Two Kipp & Zonen CMP11 pyranometers were used to measure DNI and
concentrated irradiation. The concentrated irradiation pyranometer was at-
tached to the Lambertian target located at the bottom of the tower, as shown
in Figure 5.2a. The DNI pyranometer was positioned 10 m from the base of
the tower. Heliostat 1, shown in Figure 5.2b was aimed at the target with the
pyranometer at the center of the focal image. To avoid damaging the pyra-
nometer by overheating, this process was repeated over the course of 3 hours
with an exposure time of 2minutes per run. Figure 5.3 shows the measured
concentrated irradiation on the target and the corresponding solar DNI over
the test period. During the 3 hour period, a maximum and minimum DNI of
850 W/m2 and 300 W/m2 was observed, respectively.
From Figure 5.3, for each DNI band a shift in irradiation concentration
from an initial maximum value to a final minimum value is observed. Since
the heliostat is initially aimed with pyranometer at the center of the focal image
and left stationary, the focal image will drift as the sun moves and the relative
angle between the sun and target, as viewed from the heliostat, changes. As
such, a maximum, minimum and mean value of concentrated irradiation is
taken, capturing the Gaussian irradiation distribution of the heliostat focal
image. The mean value would give a more realistic approximation of total
irradiation on the receiver aperture as the heliostat aiming and tracking errors
would mean that peak irradiation is rarely experienced at the initial aim point.
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Cosine losses over the course of the test were the primary contributor to
variation in the irradiation concentration factor shown in Figure 5.3. Cosine
losses are defined as the losses that occur due to the changing angle between
the sun and the target, when viewed from the heliostat. Fouling losses would
also contribute to overall heliostat efficiency, however, in this case is assumed
to be constant as heliostats are cleaned prior to each test during the project.
Finally, blocking and shading could also contribute to some losses when the
entire heliostat field is used. Blocking losses are, however, difficult to quantify
in this setting and were not generally observed during the experimental test
as the tests occurred around late morning to early afternoon, where solar
altitude is still high. The developed correlation would then serve as a lumped
performance prediction which accounts for only cosine and fouling losses.





































Figure 5.3: Irradiation on target with corresponding solar DNI
In order to calculate the effect of changing solar position on heliostat con-
centration factor, the relative angle between the receiver and the sun, as viewed
from the heliostat needs to be calculated. The process, as outlined by Duffie
and Beckman (2006) and Stine and Geyer (2001) is followed. The hour angle
is the displacement of the sun from the local time meridian resulting from the
rotation of the earth on its axis and is calculated by
ω = 15(ts − 12) [°] (5.1)
where ts is the solar time and given in decimal hours from midnight. To
compensate for variation in solar time during the year a solar time correction,
given in minutes, is added to the solar time and given as
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Solar time = Standard time+ 4(Lst − Lloc) + E [h] (5.2)
where Lst and Lloc represent the local time meridian longitude and local
longitude respectively, measured from east to west (0 < L < 360). For South
Africa and the Helio40 facility, these longitudes are 337.5 °W and 341.13 °W
respectively. E is given by
E = 229.2(0.000075 + 0.001868 cosB − 0.032077 sinB
− 0.014615cos2B − 0.04089 sin 2B)
(5.3)
and B is given by
B = (n− 1)360
365
(5.4)
where n is the number of days since the first of January. The sun’s decli-
nation angle can be calculated from
sinδ = 0.39795cos[0.98563(n− 173)] [°] (5.5)
Finally, solar altitude and azimuth, α and A, can be calculated using
α = arcsin[sin δ sinφ+ cos δ cosω cosφ] [°] (5.6)
A” = arccos




where if ω ≤ 0, A = A” and ω > 0, A = 360°− A”. φ is the local latitude.
For the Helio40 facility, φ = 33.9284 °S. The obtained altitude and azimuth





where Ps denotes solar position. Similarly, for a receiver altitude and az-
imuth of 27.92° and 293.15°, Pr can also be obtained. The final relative angle





The measured concentration factor data was used to correlate concentra-
tion factor with relative angle. Figure 5.4 shows the measured data with the
proposed correlations given by
CFmax = 112.3Φ
−1.124 + 5.488 (5.10)
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 5. EXPERIMENTAL DESIGN AND SETUP 45
CFavg = 100.8Φ
−1.097 + 4.164 (5.11)
CFmin = −1.788Φ0.4226 + 13.16 (5.12)
A 20% deviation is indicated around the average concentration factor. Fig-
ure 5.4 shows that while the maximum concentration factor stays between these
bounds, the minimum concentration factor only stays between the bounds for
relative angles between 15◦ to 40◦. It should be noted that the focal image of
each heliostat is different, where some heliostats show larger or smaller slope
errors than that of Heliostat 1, used for this analysis. This necessarily means
that some uncertainty may be present when applying the developed correla-
tions, however, the correlations should still provide a reliable estimate between
the maximum and mean values.
Figure 5.4: Concentration factor prediction
5.2 Receiver
The main objectives in generating a design concept for the receiver were that
the spike operate in the same environment as the full scale receiver. The spike
would therefore need to be situated between a cluster of spikes so the view
factor from the spike to the surrounding spikes and environment as well as
convective shielding could be emulated.
A schematic of the built receiver is shown in Figure 5.5. The sizing param-
eters were centered around the reference design size set out in Lubkoll (2017),
with a sphere radius of 2 m and a spike length of 1 m. Manufacturing practical-
ity was of high importance during the design process and therefore the chosen
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spike center to center distance at the root was taken as 120 mm and 44 mm
of open space between neighboring spikes. This dimension is governed by ac-
cessibility when welding the inner and outer spike rows to the receiver base,
insomuch as the welding torch would need to fit between neighboring spikes
at the root. At the root, the spikes are positioned on a tessellated triangular
grid. Based on a 2 m sphere radius and the chosen center to center distance
of neighboring spikes, the first and second row of spikes incline at 3° and 6°
respectively from the center spike.
Figure 5.5: Schematic of built SCRAP receiver
Since two spike configurations would need to be tested, a threaded collar
was fitted to the receiver base so that the center spike could be screwed in,
instead of a more complicated bolting arrangement. This would also allow for
a simpler manifold assembly as access to the rear of the center spike would
not be required. It follows that, for a threaded spike attachment and a mani-
fold welded to the receiver base, any sealing requirements such as specialized
gaskets are also eliminated, reducing the overall financial cost.
While designing the experimental receiver, the largest considerations were
material availability, cost and manufacturing time. The design was therefore
centered around commercially available materials, particularly mild steel for
its low cost. The finned spike sections provided for this project were 3-D
printed from CL 50WS hot-work steel, with an outer diameter of 75.8 mm.
Consequently, 65 NB (or 2 1/2") mild steel pipe was selected for the center
and surrounding spikes. To match the finned sections, the inner tube was
chosen as a 1/2" pipe with a wall thickness of 2.3 mm. For the open annulus
spike, fins were attached to the inner tube to ensure its concentricity inside
the spike.
The outer row spikes serve only a cosmetic role, in terms of shielding, for
the experimental receiver and was therefore selected with a wall thickness of
1.6 mm, the lowest available thickness, in order to reduce the overall receiver
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weight. The center spike would need to be threaded with either 2 1/2" BSPP
or BSPT thread, depending on manufacturing capability. With a thread minor
diameter of 72.226 mm (Oberg et al., 2008), the center spike was selected with a
wall thickness of 3.6 mm to ensure adequate material thickness (min≈1.8 mm),
when accounting for material tolerance, to maintain the spike’s structural in-
tegrity. The added material thickness would also allow for a flange to be fitted
to mount the finned sections.
Welding the finned sections together, as well as to the rear open annulus
section was considered. Tool steel is, however, typically highly susceptible to
cracking when welded due to its high hardenability. From a risk perspective,
welding was deemed a non-feasible option as the facilities to ensure proper
welding and post-weld heat treatment were not available. The finned sections
would also be too expensive to replace should irreparable damage occur.
As the inner and outer spike rows are uncooled, it is expected that these
spikes would reach higher temperatures than both the base and center spike.
Combined with the comparably low thermal mass, these spikes may also be
susceptible to higher rates of expansion and contraction with changing irra-
diation concentration. The outer rows are therefore only tack-welded to the
receiver base to allow for some expansion during the tests. Tack welding would
also limit the amount if heat input to the base while assembling the receiver,
reducing the amount of warping experienced by the base. The outer spikes
were capped off with flat laser-cut circles to ensure that irradiation does not
penetrate to the base.
Since the base would have all the functioning components welded to it,
it would need to support its own weight as well as the spikes and manifold.
The base would also be welded to the mounting cradle. The base would need
to withstand the heat from welding without significant warping as well as
withstand high solar irradiation during the tests. The base was therefore
chosen as 5 mm thick mild steel plate with a dimension of 600 mm× 600 mm
to fit the inner and outer row spikes at the determined spacing. To save on
cost and material purchasing, the base was laser-cut by an external contractor,
along with the manifold and inner/outer row spike caps.
The manifold at the rear of the receiver was constructed from 3 mm thick
mild steel sections. From previous experience in the faculty workshop, when
welding dissimilar thickness materials or lower thickness materials around
2 mm or less, weld over-penetration frequently occurs leading to leaky welds
or significant material warping. A leak free weld would be required for the
manifold where it is attached to the base as well as at the inlet/inner tube
coupling. The manifold was therefore oversized to mitigate the risk of weld
over-penetration and subsequent corrective re-welding.
The receiver was mounted inside a three-piece gyroscopic cradle. The outer
section, mounting the assembly to the tower is offset at 180 mm and allows
for elevation adjustment of the receiver face. The middle section allows for
azimuthal adjustment. The inner section is offset a further 300 mm and holds
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the receiver assembly. Semicircular plates attached at the swivel points with
5° increment holes serve to fix the receiver in its aimed position. The cradle
was constructed from 38 mm× 3 mm mild steel square tubing to match the
existing tower frame.
The combined offset ensures that the receiver’s center of mass stays inside
the tower structure while balancing the receiver on the mounting points. As
the receiver is balanced inside the cradle, little effort is required to make final
aiming adjustments. In order to get uniform irradiation exposure along the
circumference of the spike, the center spike was aimed at the red marker indi-
cated in Figure 5.2b. This would place the receiver aim point at the center of
the remaining operational heliostats. Figure 5.6 shows the installed receiver.
(a) Receiver in operation with focal image
drift
(b) Installed receiver with center spike
removed after long weather exposure
Figure 5.6: Experimental receiver
5.3 Instrumentation and locations
The exposed nature of the SCRAP receiver poses a variety of challenges
with respect to data measurement. First, the experimental receiver would
be mounted on the tower for months at a time, exposed to a variety of weather
conditions. The functional end of the receiver is also inaccessible once the
receiver is installed. Any instrumentation mounted on the spike would need to
be able to withstand long exposure to wind, rain and sunlight as it cannot be
installed and removed before and after tests. The second and more pertinent
challenge is that equipment would need to withstand exposure to concentrated
solar irradiation and consequently high heat flux. The main properties required
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to characterize the performance of the SCRAP spike are temperature, mass
flow, pressure and irradiation.
5.3.1 Temperature
To measure temperature on the spike wall, a selection of J-type thermocou-
ples was used. In order to withstand the high heat flux on the exposed side
of the receiver, thermocouples were chosen with fiberglass insulated, stainless
steel braided cables. On the open annulus spike surface, 6 mm diameter ther-
mocouples were used. These thermocouples were mounted inside a cup with
a bayonet fitting so that they could be easily removed when changing spike
configurations. The cup would also serve to shield the thermocouple tip from
irradiation which could affect temperature measurements. Figure 5.7 shows
the open annulus spike construction with thermocouple distribution on the
spike surface.
Figure 5.7: Open annulus spike construction with thermocouple locations
Figure 5.8: Finned annulus spike construction with thermocouple locations
The finned annulus spike is made up of two 3-D printed internally finned
sections towards the front, with an open annulus section toward the rear.
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Tip temperature and surface temperatures on the open annulus section are
measured with the same 6 mm diameter thermocouples. The finned sections
each have two rows of holes, 90° apart, with one row containing 8 mm, 12 mm
and 23 mm deep holes. These holes are spaced to measure temperature along
the height of the internal fin.
The holes are sized to fit 1.5 mm diameter thermocouples. Figure 5.8 shows
the finned annulus spike construction with thermocouple distribution on the
spike surface. As discussed, the finned sections are printed from tool steel,
which poses a set of challenges when welded. Mounting a thermocouple cup on
the outer surface would require post-welding heat treatment and the facilities
for this heat treatment were not readily available. It was therefore decided not
to measure surface temperature on the finned sections.
Air inlet temperature is measured as shown in Figure 5.5. The air inlet tube
extends 200 mm from the rear of the receiver to ensure that the measurement
is not affected by conduction from the air manifold. Spike outlet temperature
is measured at 10 mm adjacent from the air inlet, where the thermocouple
extends from the air manifold into the open annulus of the spike. Manifold
temperature is measured at 50 mm above the air inlet where the thermocouple
extends 50 mm into the air manifold. Receiver outlet temperature is measured
at the manifold exhaust outlet, which extends 1.5 m from the manifold outlet.
5.3.2 Mass flow
Due to financial limitations, purchasing an application specific air flow meter
for the experimental setup was deemed unfeasible. In order to reduce manufac-
turing costs and installation time, it was decided to implement a rudimentary
obstruction type flowmeter in the form of a rigid u-bend pipe. The pipe would
be situated at the bottom of the tower between the connecting flexible hose
lines. Various calibration strategies were utilized in order to obtain an accu-
rate estimate of pressure drop across the pipe for a corresponding volumetric
flow rate. The process followed is outlined in AppendixE.5.
5.3.3 Pressure
In order to measure the static pressure drop across the spike, it would be
required to install a pressure sensor, or pressure tap, at the root of the spike
on the irradiated side of the receiver, as well as at the air inlet. While installing
a pressure tap at the air inlet is a relatively straightforward process, installing
a pressure tap at the spike root is somewhat more complicated. Here the
transducer, or pressure lines - depending on the case, would need to be able
to withstand the same high heat flux as experienced by the thermocouples.
At the time of designing the experimental receiver, suitable pressure sen-
sors or suitable high temperature pressure lines could not be obtained before
starting the manufacturing work. The static pressure drop across the spike
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is therefore not monitored. Here, a suitable solution would have been to use
metallic tubing such as automotive brake lines, which are widely available and
reasonably priced.
5.3.4 Solar radiation
DNI was measured using the Kipp & Zonen CMP11 pyranometer as mentioned
in section 5.1.1. The pyranometer was positioned 10 m from the base of the
receiver tower, with care being taken to ensure that no shadows from the sur-
rounding experimental setups, equipment or buildings obstructed irradiation.
Using the concentration factor correlations obtained from the heliostat field
characterization, the incident solar radiation can be calculated as
I = DNI · CF · n [W/m2] (5.13)
where n is the number of heliostats operating during the test. When cal-
ibrating the heliostats, an aimpoint was set to the center of the inner row of
spikes. This would ensure that the majority of the solar irradiation fell on the
center spike.
5.3.5 Environmental variables
A thermocouple located under the data-logger, behind the receiver, was used
to measure ambient air temperature. The thermocouple was placed under
the data-logger to shield the thermocouple tip from irradiation which could
affect temperature measurements. Wind speed and direction measurements
were obtained from the Sonbesie weather station, shown in Figure 5.1, which
is situated roughly 50 m away from the receiver on the neighboring building.
5.4 Experimental limitations and constraints
The primary limitations and constraints experienced during the experimental
work pertained to the heliostat field as well as the location of the receiver.
The receiver, along with data logger was installed on top of the 18 m high
tower. This limits accessibility to the receiver should sensor malfunction oc-
cur as supervision is required to climb the tower to investigate. Due to the
exposed nature of the tower, the experimental setup can also not be accessed
during the tests. A particular problem proved to be the fiberglass insulation
of the shielded thermocouples. During periods where the receiver was not
operational, the insulation would absorb moisture, either from dew or rain,
which would wick to the probe ends and cause erroneous temperature read-
ings. The receiver would then need to be run for several hours for the moisture
to dissipate where complete datasets could not be obtained.
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 5. EXPERIMENTAL DESIGN AND SETUP 52
The heliostat field control system is Wi-Fi based, where the graphical user
interface is hosted off-site. Since the heliostat field utilizes the central Wi-Fi
network, performance of the field is directly related to the volume of traffic
across the network, where high traffic volumes would slow communications
to the off-site location causing a slow response from the heliostats. Practi-
cally, this translates to increased tracking errors during operation or difficulty
calibrating the field before the start of a test. Due to the small aperture of
the experimental receiver, tracking errors would cause difficulty in obtaining
steady state operation. In extreme cases, individual heliostats would time-out
and stow in accordance with their emergency shut-down protocol or be "lost"
during a tracking update, in which case the rest of the field would need to be
defocused while recovering the lost heliostat.
5.5 Error analysis
To quantify the overall system measurement error, the instrumentation was
calibrated and the calibration error was recorded. Where the instrumenta-
tion could not be directly calibrated, calibration errors were obtained from
the manufacturer data sheets and the instrumentation was compared to other
units available to check for probable readings. If neither of the above was pos-
sible, the maximum error was included in the overall error estimation. Further
discussion on the calibration processes is included in AppendixE. The total
system measurement error was calculated to be 7.68%.
5.6 Conclusion
To satisfy the objectives set for this study, an experimental receiver was con-
structed which approximates a full-scale SCRAP receiver. An experimental
setup was also designed which would be used to characterize the receiver’s
performance in on-sun conditions. This includes the total air flow through
the receiver, the air inlet, outlet and surface temperatures as well as the irra-
diation on aperture. To determine the receiver’s susceptibility to convective
losses, wind data is also measured.
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Experimental results, analysis and
discussion
The receiver was installed on the Helio40 tower by the end of May, 2019,
at the start of the winter season in Stellenbosch. Inclement weather during
the project dictated that only small windows of opportunity were available
in which complete data sets could be obtained with favorable weather. This
chapter presents the results of the final tests for each spike configuration. A
discussion on the experimental data is given to conclude this chapter where
the practical impact of the results are discussed.
In Figure 6.1, the receiver orientation relative to north and relative to the
prevailing wind direction experienced during the tests is shown. For both tests,
wind direction was only experienced inside the 200◦ − 300◦ sector.
Figure 6.1: Prevailing wind direction relative to installed receiver
6.1 Open annulus spike test data
Temperature and air mass flow rate data for the final open annulus spike
test are shown in Figure 6.2. During the test, air mass flow rates ranged from
0.022 kg/s to 0.133 kg/s. Air inlet temperatures remained reasonably constant,
fluctuating between 34.9 ◦C to 33.9 ◦C. A maximum and minimum air outlet
temperature of 67.01 ◦C and 45.2 ◦C was obtained at air mass flow rates of
0.042 kg/s and 0.107 kg/s, respectively.
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Figure 6.2: Open annulus spike surface temperatures and air mass flow rates
During the test, the highest surface temperature obtained was 142.5 ◦C
at T4, while the lowest surface temperature obtained was 68.17 ◦C, at T2.
Considering the lowest surface temperature did not occur at T1, behind the
tip, this indicates that irradiation concentration towards the front of the spike
is relatively low. Here, T1 would be influenced by the tip temperature through
axial conduction, when the mass flow rate is too low to provide sufficient tip
cooling. Thermal images taken from the receiver aim point showed that the
receiver base surface temperature between the inner row spikes varied between
approximately 140 ◦C to 180 ◦C for the air mass flow rate range. At high air
mass flow rates, the base temperature would reach approximately 20 ◦C above
T4, whereas this would increase to 40 ◦C for low air mass flow rates.
Irradiation and wind data are given in Figure 6.3. During the test, DNI
decreased from 917 W/m2 at the start of the test to 701 W/m2 at the end of
the test. Due to the changing solar angle and subsequent change in concen-
tration factor, this resulted in an initial estimated irradiation on aperture of
51.47 kW/m2, peaking at 53.44 kW/m2 and decreasing to 51.75 kW/m2 at the
end of the test. Wind speed ranged from 0.86 m/s to 3.78 m/s, which can gen-
erally be regarded as a light breeze or a Beaufort number of 2. Wind direction
fluctuated between 200◦−260◦. Referring to Figure 6.1, wind direction for the
open annulus test can be considered as a dominantly cross wind. Due to the
large variance in both wind speed and direction, a 5-minute running average is
taken. For the following analysis, only the crosswind component of the wind
speed is used, where the normal direction of the spike is taken as 210◦.
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Figure 6.3: Irradiation and wind data for open annulus spike test
6.2 Finned annulus spike test data
Temperature and air mass flow rate data for the final finned annulus spike
test are shown in Figure 6.4. During the test, air mass flow rates ranged from
0.022 kg/s to 0.133 kg/s. Air inlet temperatures fluctuated between 31.01 ◦C
to 34.48 ◦C, following a similar ambient air temperature variation. A maxi-
mum and minimum air outlet temperature of 55.58 ◦C and 43.55 ◦C were also
obtained at air mass flow rates of 0.0226 kg/s and 0.129 kg/s, respectively.
Thermal images of the receiver base indicated similar temperatures as those
experienced during the open annulus spike tests.
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Figure 6.4: Finned annulus spike surface temperatures and air mass flow rates
From Figure 6.2, the rear surface temperatures, T1 and T2 remain signifi-
cantly colder than those experienced on the open annulus spike. This is due to,
firstly; the mounting flange blocking irradiation penetration to the rear of the
spike and secondly; a lower finned section wall temperature and a correspond-
ing axial conduction heat loss. As indicated in AppendixB, for the same air
mass flow rate, the internal forced convection heat transfer coefficient is much
higher for the triangular ducts than the open annulus, which would cause a
corresponding lower wall temperature. It is also seen that the tip temperature
generally approximates the same rear-most open annulus spike surface tem-
peratures, indicating a comparatively high irradiation exposure. At low air
mass flow rates, a maximum tip temperature of 137.2 ◦C is recorded, which is
expected with a low internal forced convection heat transfer coefficient. The
average finned section fin temperatures are also given, where TF1 and TF2
denote the 1st (front) 2nd (rear) finned sections, respectively.
Irradiation and wind data are given in Figure 6.5. During the test, a start,
peak and end DNI of 1007 W/m2, 1030 W/m2and 840 W/m2 are observed. A
corresponding estimated irradiation on aperture of 52.73 kW/m2, increasing to
59.27 kW/m2 is also observed. Wind speed ranged from 0.48 m/s to 2.7 m/s,
fluctuating around 2 m/s. Wind direction fluctuated between 300◦−200◦. Re-
ferring again to Figure 6.1, wind direction for the finned annulus test impinges
on the rear of the receiver more frequently than the open annulus spike test.
For the following analysis, only the crosswind component of the wind speed is
used, where the normal direction of the spike is taken as roughly 210◦.
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Figure 6.5: Irradiation and wind data for finned annulus spike test
6.3 Sensitivity analysis
To develop a better understanding of the impact of changing wind speed, air
mass flow rate and irradiation concentration on receiver thermal efficiency,
multivariable linear regression is applied to the experimental data. It is un-
derstood that radiative losses would also have an effect on thermal efficiency.
Radiative losses are, however, difficult to characterize in this context and are
not included in this sensitivity analysis. A general equation for thermal effi-





Taking the natural logarithm of both sides of Equation 6.1 and separating the
terms using the rules of logarithms yields
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 6. EXPERIMENTAL RESULTS, ANALYSIS AND DISCUSSION 58
ln(ηthermal) = a ln(ṁ) + b ln(Vwind) + c ln(Q̇irrad) (6.2)
which can be written in linear form as
y = ax1 + bx2 + cx3 (6.3)
The obtained coefficients are given are given in Table 6.1. From the coeffi-
cients for air mass flow rate, a, it first observed that increasing mass flow has
the largest effect on increasing thermal efficiency, where increasing mass flow
would yield an increased Reynolds number and better internal convection heat
transfer from the spike wall. Comparing the open annulus and finned annulus
coefficients for a, it is observed that the open annulus spike shows a better
response to increased mass flow rates than the finned annulus spike. Increas-
ing internal forced convection heat transfer coefficients in the finned annulus
would lead to a reduction in fin efficiency - this is to say that where the open
annulus spike might experience a linear efficiency increase, the finned annulus
spike might experience a non-linear efficiency increase, where efficiency gain
at higher flow rates are reduced.
Table 6.1: Linear regression model coefficients





Comparing the coefficient b for both spikes, it is observed that the open
annulus spike is increasingly sensitive to convective losses. In this context, the
open annulus spike experienced more cross winds during the tests compared to
the finned annulus spike test, where wind impingement was primarily on the
rear of the receiver. Since the convective loss is also a function of the difference
between spike surface temperature and ambient air temperature, lower spike
wall temperatures would necessarily yield lower convective losses.
Comparing the coefficient c for both spikes, it is observed that a gener-
ally similar response to increasing irradiation is observed. Here, increasing
irradiation concentration would lead to higher surface temperatures and, fol-
lowing from the previous argument, a higher temperature differential between
internal air flow and spike wall. For both open annulus and finned annulus
models, R2 values of 0.9037 and 0.9524 were obtained, indicating a reasonable
goodness-of-fit.
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6.4 Open annulus spike surface temperature
distribution
The temperature distribution on the open annulus spike surface for increasing
air mass flow rates is given in Figure 6.6. The temperatures at the first three
positions, namely T1, T2 and T3 are given as a fraction of the rear-most
surface temperature, T4. Air outlet temperature is also given as a fraction of
T4, where the air inlet temperature averaged around 34.5 ◦C.
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Figure 6.6: Average open annulus spike surface temperatures with second
order power series trendlines
At low mass flow rates, an uneven temperature distribution is observed
where the front-most surface temperature, T1, is hotter than the successive
temperature behind it, T2. Since T1 is directly behind the tip, this indicates a
high degree of axial conduction from the tip at low flow rates. This trend con-
tinues for mass flow rates below 0.085 kg/s, where an inflection occurs above
0.085 kg/s. This indicates that at mass flow rates above 0.085 kg/s, a suffi-
ciently high convection heat transfer coefficient is reached at the tip inner wall
such that the tip wall is sufficiently cooled. From Equation 4.31, this amounts
to an average tip wall heat transfer coefficient of approximately 1340 W/m2K.
At high mass flow rates, where axial conduction from the tip is sufficiently
reduced, the first two surface temperatures, T1 and T2, remain colder than the
two rear surface temperatures, T3 and T4. This indicates a lower irradiation
concentration on the front half of the spike surface. This is also observed
for T2 at low flow rates. Here, T2 would not be as greatly influenced by
axial conduction and consequently also shows low temperatures due to low
irradiation concentration. The small temperature difference at higher mass
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 6. EXPERIMENTAL RESULTS, ANALYSIS AND DISCUSSION 60
flow rates between T1 and T2, when compared to T3, also indicate similar
levels of solar irradiation at T1 and T2.
Conversely, T3 and T4 remain the highest surface temperatures, indicating
a higher irradiation concentration towards the rear of the spike. Since the
receiver base also receives direct irradiation from the heliostat field, as opposed
to the spike surface which receives irradiation at an oblique angle, the receiver
base would also reach high temperatures. The high base temperature would
also translate into axial heat conduction into the spike.
6.5 Irradiation concentration on spike surface
For the irradiation concentration profile, two options, shown in Figure 6.7, are
investigated. The first profile, psol1, was obtained from the DO irradiation
model presented in Section 4.6.2 for the case with a focal point 3 m behind
the spike tip. A second profile, psol2, is derived from both the DO irradiation
model and the experimental surface temperature data. psol2 is given as
psol2 = 0.16e
−6.287l + 0.023 (6.4)
For a uniform irradiation on aperture from the DO irradiation model, an
initial value of 2.3% is assumed at the front of the spike. The exponential term
is obtained by fitting a curve to the average surface temperature growth from
T1 to T4, shown in Figure 6.6, starting from T1. The final value of 16% is
obtained when both curves are set to exhibit the same total irradiation input
to the spike surface, within 1%.
The two given irradiation concentration profiles were tested using the open
annulus spike 1-D model where validation data points were taken as the average
values between two time points for the same air mass flow rate. To ensure that
changes in thermal inertia due to changes in air mass flow are reduced, the
time points are taken as the 5 minutes preceding an increase in air mass flow
rate where the operation was closest to a perceived steady-state. For the open
annulus model, the first case was chosen between 14:38 to 14:42 for an average
air mass flow rate of 0.062 kg/s. Experimental data for the first case is given in
Table 6.2. The 1-D model outputs for both irradiation concentration profiles
are given in Table 6.2, Figure 6.8 and Figure 6.9. The 1-D model base and
neighboring spike temperatures are set to assume the same temperature as the
spike root.
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Figure 6.7: Comparison of irradiation concentration profiles, psol1 and psol2,
on spike surface
Table 6.2: Comparison of model output to measured experimental data for
open annulus spike: Case 1
Parameter 14:38 14:42 Average Model (psol1) Model (psol2)
Tamb (◦C) 29.18 29.35 29.26 - -
Tair,in (◦C) 33.57 33.72 33.64 - -
Tair,out (◦C) 56.93 58.83 57.88 59.85 56.62
T1 (◦C) 82.47 87.98 85.22 101.8 90.24
T2 (◦C) 79.39 87.25 83.32 112.7 69.61
T3 (◦C) 90.87 95.01 92.94 119.6 102.8
T4 (◦C) 127.60 128.90 128.30 132.6 129.4
q̇ap (kW/m2) 51.59 51.39 51.49 - -
Vw (m/s) 2.625 1.987 1.779 - -
Vθ (◦) 254.1 245 - - -
ṁ (kg/s) 0.0623 0.0617 0.062 - -
For the first irradiation concentration profile, psol1, large variation is seen
between the 1-D model and the experimental data, where maximum surface
temperature variations of approximately 30 ◦C are seen at the spike center.
This is primarily due to the high irradiation concentration at the spike root,
which then also causes a large amount of axial conduction as well as thermal
radiation from the base and neighboring spikes, increasing the average spike
wall temperature. For psol2, less variation is seen, where the 1-D model surface
temperatures vary with a maximum of approximately 10 ◦C. A second case
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with an average air mass flow rate of 0.086 kg/s was also considered. It was
found that psol1 showed equal over and under prediction of wall temperatures
of approximately 13 ◦C and psol2 showed a maximum wall temperature over
prediction of approximately 6 ◦C. The second case is presented in SectionC.
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Figure 6.8: Open annulus 1-D model output with irradiation concentration
profile psol1: Case 1
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Figure 6.9: Open annulus 1-D model output with irradiation concentration
profile psol2: Case 1
From both cases presented, it is seen that the irradiation concentration pro-
file given by psol2 gives a better approximation of the spike wall temperatures
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and consequently air outlet temperature when used in the 1-D model, com-
pared to psol1. Considering that psol1 is based on an ideal case with a perfectly
focused heliostat field, and that the two irradiation concentration profiles are
not significantly different, it can be concluded that psol2 is an appropriate ap-
proximation of the real irradiation concentration profile. Since the heliostat
field cannot be perfectly focused during the tests, a lower irradiation concen-
tration would be observed at the spike root due to lower irradiation reflection
from the receiver base.
A higher irradiation input towards the rear of the spike would also be ex-
perienced as all the heliostats are not aimed directly at the ideal focal point.
Irradiation reflection from the neighboring spikes would also contribute to some
of the irradiation concentration at the rear of the spike. From the DO model,
where the receiver base experiences 185% of the irradiation on aperture, the
spike root experiences 22% of the irradiation on aperture. If a linear relation-
ship is assumed, a conservative estimation can be made that the experimental
receiver experiences approximately 153% of the irradiation on aperture at the
base, giving 18.3% of the irradiation on aperture at the spike root.
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Figure 6.10: Surface incident radiation profiles for aperture focus points at
3 m behind the tip for the open and finned annulus spikes
To address the irradiation blocking of the finned annulus spike, the DO
model was adapted to include a 15 mm high obstruction at the same position
as the experimental spike. The irradiation concentration profile for the finned
spike is shown in Figure 6.10. Here it is seen that the rear of the spike sees
significantly less surface incident irradiation. For this case, an average surface
incident irradiation of 42.87 W/m2 is recorded, which amounts to 60.6% of
the total un-flanged surface incident irradiation. By scaling the experimental
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data accordingly, a more objective comparison between the two spike config-
urations is possible. Similar to the open annulus spike, two test cases were
also considered with the flanged irradiation concentration profile as well as a
discontinuous form of psol2. These cases are presented in AppendixC.
6.6 Spike fin temperature distribution
Temperature measurements inside the spike fins were taken at 4 circumferential
positions. For the front finned section, closest to the tip, measurements were
taken at 0° and 90°, where 0° is at the top of the spike and 90° is anticlockwise
when facing the front of the receiver. For the rear finned section, measurements
were taken at 90° and 180°. Temperature positions are depicted in Figure 6.11
and Figure 5.8. Temperatures were measured at depths of 23 mm, 12 mm and
8 mm into the fin, as measured from the spike wall. The naming convention
used is: T - (1st or 2nd) - (angular position) - (depth). Since the fins are coiled,
each temperature measurement position corresponds to a different duct.
Figure 6.11: Depiction of fin temperature positions
The finned sections used in this project feature helically coiled fins, where
the duct channel completes one half rotation for each finned section. This
serves to increase heat transfer in the duct by inducing secondary flow pat-
terns in the air as well as to avoid hotspots on the spike surface caused by
non-uniform circumferential irradiation distribution. As described by Lubkoll
(2017), these hotspots could cause a greater pressure drop in a particular duct,
where choking occurs and leads to increased air flow in colder ducts, allowing
the hot side of the spike to further overheat.
Figure 6.12 shows the fin temperature distribution for the front (1st) finned
section. Air inlet temperature during the test fluctuated between 31.01 ◦C to
34.48 ◦C. It is initially observed that, for increasing mass flow, the average
fin temperature decreases significantly where the maximum fin temperature at
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T − 1− 0− 8 decreases from 53 ◦C to 40 ◦C for mass flow rates of 0.02 kg/s to
0.14 kg/s, respectively. Also apparent is the increasing fin height temperature
gradient. At a mass flow rate of 0.02 kg/s, a temperature difference of 3 ◦C
is observed between the maximum and minimum fin temperatures whereas at
0.14 kg/s, a temperature difference of 5 ◦C is observed.
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Figure 6.12: Fin temperature distribution in front finned section
Comparing both 0° and 90° temperature positions, slightly higher temper-
atures are observed for the 0° position, suggesting a higher irradiation concen-
tration on the top of the spike. Comparing both 12 mm positions, it is ob-
served that the fin at 0° shows a higher temperature than the fin at 90°, where
T −1−0−12 generally approximates the same temperature as T −1−90−8.
The higher temperature at T − 1 − 0 − 12 indicates either a low mass flow
in the particular duct or a higher irradiation concentration on the top of the
spike.
Figure 6.13 shows the fin temperature distribution for the rear(2nd) finned
section. Comparing the fin circumferential temperature differences for the
front and rear finned sections, smaller temperature differences are observed
for the 90° and 180° positions for the rear finned section compared to the 0°
and 90° positions for the front finned section. Since the rear finned section
is further from the duct inlet, this indicates a more developed flow inasmuch
as similar convection heat transfer coefficients would be observed, leading to
similar temperature profiles. Higher temperatures are also observed for the
180° position, indicating a higher irradiation concentration at the bottom of
the spike, compared to the side of the spike at 90°. Since the rear finned section
would also experience higher irradiation concentrations, an increase in average
fin temperatures is also observed. Figure 6.14 shows the fin height average
temperature profiles for the rear finned section at 180°.
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Figure 6.13: Fin temperature distribution in rear finned section
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Figure 6.14: Fin height temperature profiles for increasing air mass flow rates
As air flow develops, the induced centrifugal force caused by the coiled
duct pushes the air towards the spike wall. This leads to higher convection
heat transfer coefficients at the wall surface and fin section closest to the wall.
For the finned sections used here, the duct centroid, where the highest flow
velocities would occur is at approximately −10 mm. As shown in Figure 6.14,
a significant temperature difference is experienced by the fin between −8 mm
and −12 mm at higher mass flow rates, indicating that the bulk of the heat
removal from the fin occurs around the duct centroid. Since most of the heat
is removed from the fin close to the spike wall, conduction into the fin is
significantly reduced and the remaining fin surface area is underutilized.
While it is difficult to comment on the circumferential irradiation expo-
sure on the spike surface during the tests, Figure 6.12 and Figure 6.13 show
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that both the front and the rear finned sections experience reasonably sim-
ilar temperatures at the respective circumferential positions. Where it may
be expected that the highest circumferential temperature variations would be
observed at low mass flow rates, where an uneven irradiation would be most
evident, this is not the case and therefore the conclusion can be made that
the coiled ducts show to be effective at equalizing the circumferential wall
temperature distribution.
6.7 Thermal efficiency
From the definition of the spike aperture given in Section 4.6.1, the thermal





where Q̇out is the energy gain by the air and Iap is the calculated irradiation
at the aperture. For the finned spike data, the irradiation on aperture is scaled
by 60.6%, as found from the developed DO radiation model. Figure 6.15 shows
the thermal efficiency as a function of air mass flow rate. The bands around
the average efficiency trend lines indicate the 20% variation in concentration
factor, as shown in Figure 5.4.
Figure 6.15: Spike thermal efficiency with increasing air mass flow rates
For the open annulus spike, the average thermal efficiency increases almost
linearly, from 16% at 0.02 kg/s, to 82% at 0.14 kg/s. Distinct data clusters are
seen above and below the average thermal efficiency trend line. These clus-
ters represent the different thermal efficiencies at the wind speeds experienced
during the test. For the finned annulus spike, a non-linear thermal efficiency
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increase is seen, where the thermal efficiency increases from 23% at 0.02 kg/s,
to 81% at 0.14 kg/s. It is seen that, as air mass flow increases, the spike fin ef-
ficiency decreases and that at 0.135 kg/s, both finned and open annulus spikes
exhibit an 80% thermal efficiency. Due to the lower crosswind speeds experi-
enced during the finned annulus spike test, less variation in thermal efficiency
is observed.
Figure 6.16 shows the thermal efficiency as a function of cross wind speed.
Trends are represented by least-squares fits. For the open annulus spike, the
highest thermal efficiencies were obtained at low cross wind speeds, with a
maximum thermal efficiency of 84% at a cross wind speed of 0.46 m/s. At
increasing cross wind speeds, a significant decrease in thermal efficiency is
seen, where a maximum thermal efficiency of 30% is observed at cross wind
speeds of 3.95 m/s. It is also seen that below cross wind speeds of 1.5 m/s, the
maximum thermal efficiency stays fairly constant at 84%, suggesting that an
asymptotic efficiency is reached.
For the finned annulus spike, a minor reduction in thermal efficiency is seen
for increasing cross wind speeds. This is due to, firstly; wind generally imping-
ing on the rear of the receiver and secondly; lower overall surface temperature
due to irradiation blocking at the rear of the spike.
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Figure 6.16: Spike thermal efficiency with increasing cross wind speeds
6.8 Conclusion on experimental results
From the experimental results it was found that, for a SCRAP spike in on-sun
conditions, thermal efficiencies of above 80% are obtainable for both the open
annulus and mixed finned/open annulus spikes. These efficiencies are, however,
only attainable at low cross wind speeds, as it was shown that the spike is
particularly susceptible to convective losses. By replacing the front 40% of
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the spike with coiled fin sections, an average thermal efficiency increase of 8%
was obtained at lower air mass flow rates. With increasing air mass flow rates,
this efficiency gain is diminished where, at 0.135 kg/s both spike configurations
assume the same thermal efficiency. This low efficiency gain is only due to the
low irradiation concentration at the front of the spike. It would be expected
that for a fully finned spike, the higher convection heat transfer in the ducts
would be better able to remove heat from the spike wall closer to the root,
resulting in a higher thermal efficiency.
From the developed DO model, it was found that for a perfectly focused
heliostat field, irradiation concentration at the receiver base was significantly
higher than the average irradiation at the receiver aperture. The high irradi-
ation concentration at the receiver base would lead to high material tempera-
tures, as well as increased thermal radiation and irradiation reflection to the
spike root. During the test, the exhaust temperature averaged around 10 ◦C
to 15 ◦C above the spike outlet temperature, and in some cases, contributing
around 50% of the total heat transfer between air inlet and exhaust outlet, in-
dicating base surface temperatures higher than those experienced on the spike
surface. Flow separation from the base inside the manifold would also lead to
poor cooling of the base.
In the context of the implementation of a full-scale receiver, the sensitivi-
ties to convective losses due to wind and high irradiation concentration at the
receiver base poses some practical problems. From the presented temperature
data for both spikes, the tip and spike root generally assume the highest tem-
peratures on the spike. When exposed to changing wind speeds and direction,
large swings in material temperature would be observed leading to unintended
thermal cycling of the material and fatigue over long term operation.
In the case of the spike root, this would be problematic as the root would
be considered a critical structural component. Another concern is the high
cooling rate at the tip. Where convective losses will inevitably affect the tip,
changes in irradiation exposure are also of concern, which may arise from
tracking errors from the heliostat field, wind loading on the heliostats or, more
trivially, cloud cover. In the case where irradiation is unexpectedly removed
from the tip, the high cooling rate would rapidly cool the tip material which
would induce more severe thermal cycling than that seen at the spike root.
If the same tip heat transfer philosophy is applied to the receiver base
inside the manifold, in the sense that high cooling rates are required so as
not to exceed the material temperature limits, similar cooling rates would be
required inside the manifold, if not higher, than those obtained at the tip.
This would negatively affect the total pressure drop across the receiver when
a sub-30 kPa pressure drop is desired.
A practical solution to mitigating the high temperature swings at the spike
root and receiver base may be to firstly implement baffles between spikes at
different locations on the receiver. This would result in a "honeycomb-like"
structure, where it would be entirely possible to eliminate the majority of the
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convective losses by reducing wind speeds close to the spike root and receiver
base. Since the baffles would not be considered a structural component, it
could be manufactured from reasonably thin materials to reduce the overall
receiver weight. The only concern in this case would be increased wind load-
ing on the receiver which would also negatively affect the requirements for
the receiver tower. Secondly, the root and base could be coated with a reflec-
tive paint that would limit the irradiation absorption. In this scenario, more
irradiation would also be reflected to the spike surface.
Also of interest is the scalability of manufacturing finned spikes. For the
finned sections used in Lubkoll (2017), wire cutting was used where manu-
facturing costs for 314 mm of finned section totaled to ZAR18,639 excluding
material cost. For the finned sections used in this work, 3-D printing was used
where the total material and manufacturing costs amounted to approximately
ZAR120,000 for 400 mm of finned section. Both wire cutting and 3-D printing
are unsuitable for large scale manufacturing as well as prohibitively expensive
for manufacturing the amount of spikes required for a full scale receiver. An-
other viable, large scale manufacturing alternative would be metal extrusion.
It is uncertain, however, if the same coiled duct configurations would be ob-
tainable, as well as whether the use of high temperature nickel-base alloys such
as Inconel would be suited to metal extrusion.
A final concern is the practical manufacturability and maintainability of a
full-scale SCRAP receiver. Owing to the general inaccessibility of the manifold
system, a high degree of modularity would be required in the final receiver
design so that the receiver could be assembled and serviceable. The high
degree of modularity would invariably increase manufacturing costs as well as
complexity of the final design. In the case of previous pressurized air receivers
discussed in Section 3, it is advisable that manufacturing and design complexity
be avoided where possible as complex aspects of the receiver design generally
exhibit the first failure points.
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Performance of a SCRAP spike in
on-sun conditions
After validating the 1-D numerical model in Section 6.5 and AppendixC, a
prediction can be made of the performance of a fully finned spike under the
experimental conditions experienced. The finned spike’s thermal efficiency is
also compared to that of an open annulus spike under experimental conditions.
A sensitivity analysis is conducted on the finned spike geometry to determine
how to best improve spike performance.
7.1 Spike performance
An air mass flow rate of 0.08 kg/s at an inlet temperature of 30 ◦C is used with
an average irradiation on aperture of 50 kW/m2. The ambient air temperature
is set at 30 ◦C with a cross wind speed of 2 m/s. Both the base and surrounding
spike surface temperatures are fixed at 150 ◦C. An outlet pressure of 101.3 kPa
is specified at the exhaust outlet.
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Figure 7.1: Temperature and pressure distribution inside finned annulus spike
Figure 7.1 shows the air temperature distribution inside the spike as well as
the spike wall temperature. Air enters the spike at 30 ◦C, with no increase in
temperature as it travels to the tip, due to the low contact surface at the tri-
angular duct root. At the tip, the air temperature increases to 35.67 ◦C, where
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the tip temperature is 86 ◦C. As the air travels through the triangular duct,
it experiences a further increase in temperature, exiting the spike at 59.57 ◦C.
At the spike wall just behind the tip, the wall temperature is 42.75 ◦C. For
the front 70% of the wall, temperature increases almost linearly which is also
seen in the duct air temperatures. At the rear of the spike, temperature starts
to increase exponentially, where the spike root temperature is at 73.83 ◦C, due
to the higher irradiation concentration at the root as well as thermal radia-
tion from the base and neighboring spikes. The exponential air temperature
increase is also observed, although not as notable as the spike wall.
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Figure 7.2: Velocity and density distribution inside finned annulus spike
Air enters the inner tube at a total pressure of 246.61 kPa with a velocity
of 108.7 m/s and density of 2.829 kg/m3, as shown in Figure 7.1 and Figure 7.2.
Due to the small diameter of the inner tube, and consequently high flow veloc-
ity, a large pressure drop due to wall friction occurs across the inner tube. As
the pressure in the inner tube decreases, a decrease in air density also occurs
which leads to an increase in flow velocity. Air exits the inner tube at 233 kPa
with a flow velocity of 114.8 m/s and density of 2.678 kg/m3. At the tip, the
air turns through 180◦. The combined change in direction and temperature
increase leads to a pressure drop at the tip from 233 kPa to 198.4 kPa. The
pressure drop at the tip leads to a change in density from 2.678 kg/m3 to
2.239 kg/m3.
Due to the higher combined flow area of the outer annulus, air enters the
triangular duct with a flow velocity of 18.74 m/s. As air flows through the
triangular ducts, it experiences a pressure drop due to wall friction. It is also
heated, which leads to further expansion and a corresponding reduction in
density. The combined friction pressure drop and heating causes the air to ac-
celerate, exiting the triangular ducts at a flow velocity of 20.27 m/s at 194.8 kPa
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and a density of 2.04 kg/m3. The remaining pressure drop of 93.5 kPa is expe-
rienced across the air manifold and exhaust where the air exits at atmospheric
pressure.
With an air mass flow rate of 0.08 kg/s and cross wind speed of 2 m/s, the
spike operates at a thermal efficiency of 89.9%. Figure 7.3 shows the thermal
efficiency of the finned spike at changing cross wind speeds. With no cross
wind, a maximum thermal efficiency of 94% is reached. At a cross wind speed
of 4 m/s, an 8% reduction is seen where thermal efficiency is 86.2%. Compared
to the open annulus spike which operated at thermal efficiencies in the range
of 73% to 42% for cross wind speeds of approximately 0.5 m/s to 2 m/s, the
finned annulus spike shows a significant increase in thermal efficiency.


































Figure 7.3: Sensitivity to wind speed
7.2 Sensitivity analysis
At the conditions given for the finned annulus spike performance case, the
total pressure drop across the spike is 51.3 kPa with an air outlet and spike
root temperature of 59.57 ◦C and 73.83 ◦C, respectively. Using the 1-D model,
changes can be made to the spike internal geometry to determine the best way
to reduce the total pressure drop across the spike, while also increasing the air
outlet temperature and reducing the spike root temperature.
Figure 7.4 shows the pressure and temperature variation inside the spike for
increasing and decreasing the number of fins from 20 fins. The pressure drop at
the inner tube, duct and tip is given as a ratio of the total pressure drop across
the spike. The total pressure drop is expressed as a fraction of the pressure
drop across the spike with 20 fins. By increasing or decreasing the number of
fins, a near linear pressure relationship is observed, where an increase in fins
would yield higher frictional pressure losses due to the increased surface area
as well as increased flow velocity. By reducing the number of fins, the heat
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transfer surface at the wall increases where the air is increasingly exposed to
the hotter wall surfaces as opposed to the colder fins.
The remaining fins would still serve to induce swirl so as to force the air
flow closer to the wall. The larger exposed wall surface leads to a higher heat
transfer rate, increasing the air outlet temperature as well as reducing wall
surface temperature. By increasing the number of fins, a similar increase in
air outlet temperature is seen, however, since the fin surfaces would be colder
than the wall, the rate of heat transfer from the fins is lower than that at
the wall. As a result, heat is not removed from the wall as effectively and an
increase in wall temperature is observed. It is seen that increasing or reducing
the number of fins does not significantly affect the overall performance of the
spike, and it may therefore be more effective to use only enough fins that would
induce the necessary air flow swirl.





































Figure 7.4: Sensitivity to number of fins
Figure 7.5 shows the pressure variation inside the spike for increasing inner
tube diameter. By increasing the inner tube diameter, a significant pressure
drop reduction is observed initially. At the initial inner tube diameter of
18.2 mm, the majority of the pressure drop occurs across the tip, due to the
large velocity gradient between the inner tube and outer annulus. The second
largest pressure drop occurs across the inner tube, due to the high flow velocity
and consequent high frictional pressure loss. Increasing the inner tube diam-
eter would necessarily also decrease the triangular duct flow area, however,
since the flow velocity in the triangular duct is initially quite low the increase
in flow velocity would not immediately equate to a great increase in pressure
drop. The lowest total spike pressure drop occurs with an inner tube diam-
eter between 36 mm 42 mm, where the total pressure drop across the spike is
8.52 kPa. Here, the majority of the pressure drop occurs across the triangular
ducts and the pressure drop across the inner tube and tip is almost equal.
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Further increasing the inner tube diameter leads to an increase in pressure
drop in the ducts that would increase the total spike pressure drop.
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Figure 7.5: Pressure and temperature sensitivity to inner tube diameter
Consequently, by increasing the inner tube diameter, higher heat transfer
coefficients occur in the duct, increasing air outlet temperature and reducing
wall temperatures. Compared to increasing the amount of fins, increasing
the inner tube diameter has a much greater positive effect on overall spike
performance.
7.3 Conclusion
At similar operating conditions, the finned annulus spike outperforms an open
annulus spike by a significant margin. Due to the lower surface temperatures on
the finned annulus spike, the spike shows less sensitivity to convective losses. A
sensitivity analysis on the spike geometry showed that by increasing the inner
tube diameter, the highest gains are achieved where a significant pressure drop
reduction is obtained across the spike with lower spike root temperatures and
increased air outlet temperatures. The lower pressure drop across the spike
would be beneficial in obtaining a sub-30 kPa pressure drop across the receiver
and the higher heat transfer coefficients could reduce the wall temperatures to




The experimental investigation conducted sought to test a single spike of the
SCRAP receiver in on-sun conditions. To this end, an experimental receiver
approximating a full scale receiver was developed and tested on-sun at the
Helio40 facility at the Department of Mechanical and Mechatronic Engineering
at the University of Stellenbosch.
Conclusions
A review of existing pressurized air receivers was conducted to gain a broader
insight of what factors lead to the successful operation of past receivers. The
experimental receiver was tested in on-sun conditions and a set of experimental
data was obtained for the spike performance with a range of environmental
variables.
Using an empty annulus spike configuration, along with the developed 1 -
D numerical model and a DO irradiation model, a correlation was found that
would characterize the irradiation concentration on the spike surface. From
thermal images of the receiver at operating conditions, as well as the DO
radiation model and irradiation concentration correlation, the irradiation con-
centration at the receiver base could be quantified.
Using finned annulus spike sections provided for this project, the effect of
the internal fins on total heat transfer was investigated. Finally, the developed
1 -D numerical model was used to predict the performance of a full-length
finned spike at the conditions experienced through the experimental tests.
Key findings
It was found that the irradiation concentration on the spike surface could be
characterized as
psol = 0.16e
−6.287l + 0.023 (8.1)
given as a percentage of the irradiation at the spike aperture where l is defined
as 0 at the spike root. The exponent value is determined by irradiation reflec-
tion from neighboring spikes as well as the aiming accuracy of the heliostat
field. The initial and final concentration values would be dependent on helio-
stat size and curvature as well as the aiming accuracy of the heliostat field.
The total irradiation at the base of the receiver could be estimated as 153%
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of the irradiation at the spike aperture. When coupled with flow separation
from the receiver base inside the receiver manifold, this would lead to high
temperatures exceeding the material operating range in a full-scale receiver.
Further, it was found that the SCRAP spike is sensitive to convective losses,
where the highest thermal efficiencies could only be obtained below cross wind
speeds of 1.5 m/s
The internal finned sections used for this project were capable of increasing
the total thermal efficiency of the spike by approximately 8% at low air mass
flow rates. With a reduction in fin efficiency at increasing air mass flow rates,
both open annulus and finned annulus spikes exhibit the same thermal effi-
ciency at 0.135 kg/s. Due to the centrifugal force induced by the coiled ducts,
the highest flow velocities and heat transfer coefficients would be observed
closer to the duct centroid and spike wall. As the bulk of the heat is removed
from the spike wall and the fin section closest to the wall, the remaining fin
length is underutilized. It was found, however, that the swirled ducts did serve
to equalize the spike circumferential temperature distribution. This is quite
significant as it would serve to reduce hotspots along the spike length, pre-
venting overheating and subsequent choking, as described by Lubkoll (2017).
From the prediction of the full length finned spike it was found that air
outlet temperatures of approximately 60 ◦C are attainable for an irradiation
on aperture of 50 kW/m2 with a cross wind speed of 2 m/s and an air mass
flow rate of 0.08 kg/s. This equates to a thermal efficiency of 89.9%, which is a
significant improvement in performance compared to the open annulus spike.
A sensitivity analysis on the spike geometry showed that with increasing the
number of fins, a small increase in air outlet temperature was obtained, at the
expense of an increased pressure drop across the spike. The sensitivity analysis
also showed that by increasing the inner tube diameter, the total spike pressure
drop could be reduced significantly, which would be beneficial in reaching a
sub-30 kPa receiver pressure drop for implementation in a solarized Brayton
cycle. By increasing the inner tube diameter, higher heat transfer coefficients
are obtained in the duct. This serves to increase the outlet air temperature
and reduce the spike wall temperatures. Increasing the inner tube diameter
will also decrease fin height, which will decrease the underutilization of fin
surface area with the benefit of less material usage.
Future work
In the South African context of solar power, the advantages of CSP have been
outweighed by the lower cost of PV over recent years, and this will likely be
the case for the short to mid-term future. In the current CSP market, PT
technology is also favored for its simplicity when compared to Central Tower
technology. It is therefore of interest that Central Tower CSP research focusses
on cost effective and practical solutions to advancing the CSP field.
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In its thermally efficient form, the SCRAP receiver struggles to meet the
financial and practicality benchmark, where tubular cavity receivers such as
the SOLUGAS receiver discussed in Section 3.7.2 would yield comparable levels
of thermal performance at a lower financial cost, with the benefit of having
been proven to be commercially viable. Here, resources may be better invested
in investigating similar concepts with less prohibitive design constraints than
that of the SCRAP receiver. Therefore, before further work is conducted on
the SCRAP receiver, it is recommended that an objective discussion is required
by the relevant shareholders of the SCRAP concept to determine its practical
and economical feasibility.
In the interest of research continuity, some of the ideas discussed in Sec-
tion 6 could be further investigated. This would include;
• Investigation into suitable ways to minimize the convective losses from
the SCRAP spikes. Baffles between spikes at different locations on the
receiver are suggested. The effectiveness of this method would need to
be verified through CFD modelling of a sector of the SCRAP receiver
with a range of impingement angles. The effects of wind loading on the
receiver tower would also need to be investigated.
• Investigation into a suitable method to reduce spike root and receiver
base temperatures. It was suggested that the use of reflective paint may
be effective in limiting irradiation absorption by the base, serving to
reflect irradiation back to the spike surface. It would need to be verified
whether this has an overall negative effect on total receiver performance
and whether the desired results are obtained.
• Optimization of fin/duct geometry to enhance heat transfer while main-
taining a low pressure drop across the ducts. The coiled duct configura-
tions work in tandem with the fins, where the fins provide a larger heat
transfer surface area as well as force airflow towards the spike wall. An
investigation is required to find the optimum amount of fins required, as
well as fin shape and coil pitch, to utilize both of these mechanisms to
their maximum potential.
• Investigation into cost effective methods of manufacturing thermally ef-
ficient SCRAP spikes. The possibility of metal extrusion has been sug-
gested, however, further research would be required to determine whether
this is possible with high temperature nickel-base alloys envisaged for use
in the full-scale receiver.
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Grid dependence of 1-D numerical
model
In order to determine the effect of number of control volumes on simulation
output resolution, a grid dependence analysis was conducted by running the
model at constant input conditions with increasing control volumes. The in-
puts are arbitrary and do not reflect the conditions experienced during the
experimental tests. An inlet air mass flow rate of 0.1 kg/s at 30 ◦C was speci-
fied. A constant irradiation at the spike wall was specified as 2.5 kW/m2. An
exhaust outlet pressure was set as 101.3 kPa. Convergence error was set to
1e-6 for air and wall temperatures as well as inlet pressure. FigureA.1 shows
the respective outlet air and root temperatures and total pressure drop across
the receiver as a fraction of the output value at 10 control volumes.
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Figure A.1: Temperature and pressure variation for increasing control
volumes
From FigureA.1, above 100 control volumes, minor variation is seen in the
temperature and pressure data. For increasing control volumes, changing air
outlet temperatures are observed due to better resolution of the 1st-order up-
wind discretization scheme as well as changes in wall temperatures. Here, wall
temperatures are primarily affected by the view factor calculation. FigureA.2
shows the average sum of view factors to the surrounding receiver geometry
with increasing control volumes. At lower control volumes, the 1-D model
gives lower values for the view factors to the surrounding receiver geometry,
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leading to lower radiative heat input to the spike and, consequentially, lower
wall temperatures. Above 100 control volumes, the view factor calculation
shows little variation. FigureA.3 shows the total view factors from a spike
element to the components of the surrounding receiver geometry at increasing
distance from the spike root for 100 control volumes.
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Figure A.2: Sum of view factors for increasing control volumes
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Figure A.3: View factor from a spike element to surrounding receiver




This section discusses the CFDmodelling conducted in ANSYS Fluent through-
out this work.
B.1 Verification of internal convection heat
transfer correlations
In order to verify the internal forced convection heat transfer correlations as
set out in Section 4.3, a CFD analysis was conducted in ANSYS Fluent for
discrete flow elements of both the open and finned annulus. In this case,
100 mm sections were used. The same reasoning with regards to turbulence
model and wall functions as discussed in Section 4.3.4 is applied. For the 1-
D model, 100 control volumes were used and external heat transfer from the
spike wall was turned off. For both the CFD model and 1-D model, the Fluent
default constant fluid properties for air were used.
As with the model in Section 4.3.4, the meshes were refined to give an
average wall y+ value of approximately 11.225, or as close as possible, for a
total air mass flow rate of 0.1 kg/s. In both CFD models, a velocity inlet
boundary condition was specified to yield the corresponding total mass flow
rate. Since it is expected that no recirculation occurs at the outlet, and that
the flow is steady and incompressible (due to a constant density), an outflow
boundary at the outlets is appropriate. An inlet air temperature of 300 K was
specified. To check for convergence of the solution, monitors for average wall
y+ and average heat transfer coefficient was set up. The final residuals for
energy, velocity and turbulence parameters was also set to 1e−6. The average
heat transfer coefficients were calculated from
havg = q̇wall(Twall,avg − Tbulk) [W] (B.1)
B.1.1 Open annulus
For the open annulus model, the spike wall and inner tube temperatures were
set to 363 K. Due to the symmetry of the spike around the longitudinal axis,
the model can be reduced a 2-D axi-symmetric problem, where the mesh is
offset from the longitudinal axis. An example of the coarse mesh is shown
in FigureB.1. A bias is applied towards the walls as well as the inlet and
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refinement is controlled by changing the number of divisions on the respective
faces. Details of increasing mesh sizes is given in TableB.1
Figure B.1: Coarse mesh example for the open annulus CFD model
Table B.1: Mesh details for open annulus CFD model
Mesh Cells Faces Nodes
1 7150 14493 7344
2 16800 33884 17085
3 27054 54523 27470
The final mesh consisted of 16800 cells and showed an average wall y+ of
11.51. Further refinement of the mesh did not yield any appreciable difference
in average heat transfer coefficient, as shown in FigureB.2.
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Figure B.2: Average spike wall heat transfer coefficient and y+ history for
increasing mesh resolution
A comparison of the open annulus 1-D and CFD model results is given in
FigureB.3. For both the spike wall and inner tube wall heat transfer coeffi-
cients, reasonable agreement is shown where small variations occur at lower
flow rates. From the temperature increase data, the disparity between the 1-D
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1st-order upwind and the CFD 2nd-order upwind solutions are readily appar-
ent. The consistent variation does however show that a physically realistic
solution is possible. At higher flow rates it is also shown that the 1-D model
increasingly gives larger friction factors and a subsequent increased pressure
difference.
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a) 1-D model CFD model
Figure B.3: Comparison of open annulus 1-D and CFD model results for
increasing air mass flow rates
B.1.2 Finned annulus
For the finned annulus model, the spike wall and fin temperatures were set to
363 K and 318 K, respectively. Referring to Figure 4.6a, the duct flow area can
be said to be symmetric, allowing the use of a symmetric boundary condition
and only modelling half of the flow area. Due to the more complex geometry of
the duct, fitting a structured cartesian mesh such as the open annulus example
is not possible. A quadrilateral-dominant hybrid mesh is therefore used where
the mesh is well structured at the edges. As can be seen in FigureB.4, where
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the wall, fin and symmetry zones meet, an unstructured mesh is generated.
An inflation layer is also applied at the wall and fin surfaces. Mesh refinement
was controlled through the global mesh element size as well as the number of
longitudinal divisions as shown in FigureB.5. Details of increasing mesh sizes
is given in TableB.2
Figure B.4: Intermediate mesh at duct inlet
Figure B.5: Longitudinal view of duct mesh
Table B.2: Mesh details for finned annulus CFD model
Mesh Cells Faces Nodes
1 27456 86454 31694
2 54340 169450 609450
3 107228 332190 118013
4 214258 660543 232415
5 426844 1311198 458045
The final mesh consisted of 214258 cells and showed an average wall y+ of
11.54. Further refinement of the mesh did not yield any appreciable difference
in average heat transfer coefficient, as shown in FigureB.6. A comparison
of the open annulus 1-D and CFD model results is given in FigureB.3. At
lower flow rates, the 1-D model continuously over-calculates the average heat
transfer coefficient. This improves to a close match of the CFD values for
increasing flow rates. At low flow rates, a significant variation is also seen
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between temperature differences, which is due to both the 1-D model over-
calculation of heat transfer coefficient as well as the use of a 1st-order upwind
discretization scheme.
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Figure B.6: Average duct heat transfer coefficient and y+ history for
increasing mesh resolution
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a) 1-D model CFD model
Figure B.7: Comparison of finned annulus 1-D and CFD model results for
increasing air mass flow rates
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For the pressure drop, a similar phenomenon is observed as noted in Grobler
(2015), where the friction factor correlations under-predict friction factor at
low flow rates and over-predict at higher flow rates. The discontinuity in
pressure drop is also observed as Reynold’s number transitions to Re > 8000,
switching between friction factor correlations. The data shows does show,
however, that the choice of mean coil diameter as between duct centroids is
appropriate.
B.2 Tip CFD model
Details for increasing mesh sizes used to develop the tip heat transfer corre-
lation discussed in Section 4.3.4 is given in TableB.3. Convergence history of
average wall y+ and average wall heat transfer coefficient are also given in
FigureB.8.
Table B.3: Mesh details for tip CFD model
Mesh Cells Faces Nodes
1 33351 67035 33685
2 48191 96766 48576
3 87928 176287 88360
4 137622 275724 138103
2 4 6 8 10 12 14













































Figure B.8: Average tip heat transfer coefficient and y+ history for increasing
mesh resolution
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B.3 DO irradiation CFD model
For the DO irradiation model discussed in Section 6.5, an initial focal point
was set at 1 m behind the spike tip so that the highest amount of false diffusion
would be induced as the irradiation direction would be dis-aligned with the
computational mesh. The amount of azimuth and elevation angular divisions
was then increased until the final average surface incident irradiation on the
spike wall equalized. This process was repeated for four separate meshes of
increasing density for both 1st and 2nd-order upwind discretization schemes.
FigureB.9 shows the convergence history for the separate meshes given in
TableB.4. The notation used is M-mesh number-discretization scheme.














































Figure B.9: Average surface incident radiation on spike wall for increasing
control angle divisions
Table B.4: Mesh details for spike DO radiation model
Mesh Cells Faces Nodes
1 506 1065 555
2 1439 2995 1549
3 4094 8416 4323
4 11643 23719 12077
FigureB.10 shows a contour plot of total irradiation for the mesh used with
an aperture focal point at the spike root. A distinction is made between total
irradiation and surface incident radiation; total irradiation is the irradiation at
a given point in the domain, while surface incident radiation is the radiation
component normal to a surface.
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1-D numerical model validation
After verifying the internal heat transfer for both open annulus and finned
annulus 1-D numerical models in SectionB, the experimental data can be used
to validate the 1-D model for given measured experimental inputs. From the
experimental results presented in Section 6, a significant amount of variation is
seen in the measured temperature data due to the constantly changing thermal
inertia of the experimental receiver with changes in wind speed and direction,
as well as changes in air mass flow rate.
Where the 1-D model would calculate a steady-state operation of the ex-
perimental receiver, true steady-steady state is never achieved in practice. As
such, validation data points are taken as the average values between two time
points for the same air mass flow rate. To ensure that changes in thermal
inertia due to changes in air mass flow are reduced, the time points are taken
as the 5 minutes preceding an increase in air mass flow where the operation
was closest to a perceived steady-state.
C.1 Open annulus model
For the open annulus model, a case was chosen between 14:38 to 14:42 for
an average air mass flow rate of 0.062 kg/s, and between 14:50 to 14:55 for an
average air mass flow rate of 0.086 kg/s. The first case is presented in Section 6.
The second case is presented here.
C.1.1 Case 2
Experimental data for the second case between 14:50 to 14:55 is given in Ta-
bleC.1. The 1-D model outputs for both irradiation concentration profiles are
given in FigureC.1 and FigureC.2. For the second case, psol1 shows equal over
and under prediction of approximately 10 ◦C. Here, psol2 shows a maximum
surface temperature variation of approximately 6 ◦C.
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Table C.1: Comparison of model output to measured experimental data for
open annulus spike: Case 2
Parameter 14:50 14:55 Average Model (psol1) Model (psol2)
Tamb (◦C) 28.68 29.07 28.88 - -
Tair,in (◦C) 33.70 33.30 33.50 - -
Tair,out (◦C) 50.23 48.73 49.48 50.22 48.36
T1 (◦C) 71.86 77.63 74.74 77.46 69.99
T2 (◦C) 72.20 71.63 71.91 85.18 74.08
T3 (◦C) 81.59 80.05 81.04 90.11 78.70
T4 (◦C) 111.70 108.0 109.85 100.30 103.40
q̇ap (kW/m2) 51.14 51.55 51.34 - -
Vw (m/s) 2.81 2.24 2.15 - -
Vθ (◦) 245 238 - - -
ṁ (kg/s) 0.087 0.085 0.086 - -
0 0.2 0.4 0.6 0.8 1





















Figure C.1: Open annulus 1-D model output with irradiation concentration
profile psol1: Case 2
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Figure C.2: Open annulus 1-D model output with irradiation concentration
profile psol2: Case 2
C.2 Finned annulus model
For the finned annulus spike, the same process is followed. Discontinuous
irradiation concentration profiles, psol1f and psol2f shown in FigureC.3, are
used.
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Figure C.3: Comparison of modified irradiation concentration profiles, psol1f
and psol2f on spike surface
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The first profile, psol1f , is also obtained from the DO irradiation model
presented in Section 6.5. For psol2f , the static component of 2.3% is removed
from psol2. Both psol1f and psol2f exhibit the same total irradiation input to
the spike surface, within 1%, and both profiles exhibit approximately 62% of
the total un-flanged irradiation input to the spike.
C.2.1 Case 1
Experimental data for the first case between 12:40 to 12:45 is given in Ta-
bleC.2. The 1-D model outputs for both irradiation concentration profiles are
given in FigureC.4 and FigureC.5. From TableC.2, both irradiation concen-
trations show similar deviation from the experimental results with maximum
variation in open annulus surface temperatures of approximately 10 ◦C. A
larger variation of 17 ◦C is seen in the tip surface temperatures. Since the
finned section wall temperatures are not measured, the maximum fin temper-
atures measured at 8 mm are provided here and 1-D model wall temperatures
are given. Estimate values for wall temperatures obtained by linear extrapo-
lation from Figure 6.14 is provided in brackets.
Table C.2: Comparison of model output to measured experimental data for
finned annulus spike: Case 1
Parameter 12:40 12:45 Average Model (psol1f ) Model (psol2f )
Tamb (◦C) 31.01 31.30 31.15 - -
Tair,in (◦C) 31.82 31.50 31.66 - -
Tair,out (◦C) 44.53 44.37 44.45 48.62 48.17
Ttip (◦C) 110.9 108.3 109.6 93.75 93.73
T1 (◦C) 86.03 84.14 85.58 78.80 76.06
T2 (◦C) 89.99 92.12 91.05 92.85 91.06
TF1max (◦C) 42.38 41.48 41.93 (50.74) 50.64 (wall) 49.33 (wall)
TF2max (◦C) 45.31 45.10 45.20 (52.90) 53.0 (wall) 51.77 (wall)
q̇ap (kW/m2) 55.45 56.24 55.84 - -
Vw (m/s) 2.08 1.513 1.708 - -
Vθ (◦) 211.2◦ 245◦ - - -
ṁ (kg/s) 0.083 0.0824 0.0827 - -
Stellenbosch University https://scholar.sun.ac.za
APPENDIX C. 1-D NUMERICAL MODEL VALIDATION 99
0 0.2 0.4 0.6 0.8 1




























Figure C.4: Finned annulus 1-D model output with irradiation concentration
profile psol1f : Case 1
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Figure C.5: Finned annulus 1-D model output with irradiation concentration
profile psol2f : Case 1
C.2.2 Case 2
Experimental data for the second case between 14:30 to 14:35 is given in Ta-
bleC.3. The 1-D model outputs for both irradiation concentration profiles
are given in FigureC.6 and FigureC.7. From TableC.3, both irradiation con-
centration profiles show similar deviation from the experimental results with
maximum variation in open annulus surface temperatures below 10 ◦C. A lower
variation of 2 ◦C is seen in the tip surface temperatures.
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For the open annulus model, where surface temperatures showed variations
within 10 ◦C, outlet air temperatures showed a variation of approximately 2 ◦C.
With the addition of the finned annulus section in the 1-D model, the outlet
air temperature variation increases to a maximum of 5 ◦C.
Table C.3: Comparison of model output to measured experimental data for
open annulus spike: Case 2
Parameter 14:30 14:35 Average Model (psol1) Model (psol2)
Tamb (◦C) 35.89 34.18 35.03 - -
Tair,in (◦C) 33.38 32.33 32.85 - -
Tair,out (◦C) 49.19 47.76 48.47 52.57 52.00
Ttip (◦C) 106.3 110.0 108.13 110.6 108.1
T1 (◦C) 76.84 80.69 78.76 77.96 75.95
T2 (◦C) 84.54 88.81 86.67 92.69 94.90
TF1max (◦C) 45.81 44.46 45.13 (51.40) 54.87 (wall) 53.55 (wall)
TF2max (◦C) 48.66 46.79 47.72 (53.56) 58.71 (wall) 56.29 (wall)
q̇ap (kW/m2) 58.67 58.92 58.79 - -
Vw (m/s) 2.41 2.67 2.015 - -
Vθ (◦) 241◦ 254◦ - - -
ṁ (kg/s) 0.064 0.063 0.0635 - -
0 0.2 0.4 0.6 0.8 1




























Figure C.6: Finned annulus 1-D model output with irradiation concentration
profile psol1f : Case 2
Stellenbosch University https://scholar.sun.ac.za
APPENDIX C. 1-D NUMERICAL MODEL VALIDATION 101
0 0.2 0.4 0.6 0.8 1




























Figure C.7: Finned annulus 1-D model output with irradiation concentration
profile psol2f : Case 2
C.3 Discussion
Given the large amount of variation in the experimental data, it is difficult to
absolutely quantify overall error in the numerical model. Here, the internal
forced convection Nusselt number correlations for the open annulus is directly
applicable. In the case of the coiled triangular ducts, the Nusselt number
correlations are intended for coiled tubes and thus only partly applicable. The
Nusselt number correlations, also, do not account for differences in local heat
transfer coefficients between the fin and outer wall. It was, however, shown
through CFD modelling of a discrete duct section that both 1-D model and
CFD model values are in good agreement.
From the given cases, it is seen that the 1-D numerical model can, where
steady state operation is observed, predict the spike wall temperatures to
within a maximum of approximately 12 ◦C using the irradiation concentra-
tion profile given by psol2. For both models, the 12 ◦C variation in surface
temperatures yield a corresponding maximum variation in outlet air tempera-
ture of approximately 5 ◦C. A conservative estimate for outlet air temperature




The experimental procedure was split into 3 parts: start-up, operation and
shut-down.
1. Start-up
a) Start data logger and check that all sensors are active and measuring
probable values corresponding with ambient conditions.
b) Remove facet covers, wash heliostats and reinstall facet covers.
c) Hang warnings at lab entrances to indicate tests are taking place.
d) Turn on backup power source and power heliostat field - this will
turn on door alarms and warning lights.
e) Turn on air flow through the receiver.
f) Begin calibration of heliostats with facet covers on, defocussing after
calibration.
g) Remove facet covers and focus heliostats on receiver.
2. Operation
a) Monitor temperatures on the receiver.
b) Wait for temperatures to reach steady state and hold for at least
5 min.
c) Adjust mass flow rate to obtain new data set and wait for steady
state.
d) Repeat process until the required mass flow range is obtained.
e) Check that all heliostats are focused on receiver.
f) Recalibrate individual heliostats if significant drift is observed.
3. Shut-down
a) Defocus heliostats and reinstall facet covers.
b) Stow heliostats and turn off power to heliostat field.






The following section discusses the instrumentation used throughout the project
for the experimental setup, covering the calibration and error analysis.
E.1 Solar radiation
DNI and flux concentration measurements were taken using Kipp & Zonen
CMP11 pyranometers. The DNI and flux concentration pyranometers have
a sensitivity of 8.99× 10−6 V/Wm−2 and 8.70× 10−6 V/Wm−2 respectively
with a range of 0 W/m2 to 4000 W/m2. The manufacturer datasheet reports a
directional response (up to 80° with a 1000 W/m2 beam) of less than 10 W/m2.
This gives an error of 1%.
E.2 Temperature
The thermocouples used throughout the experimental process were J-type
thermcouples with an uncertainty of ±1 ◦C. These thermocouples consisted
of 6 mm diameter, 3 m lead or 1.5 mm diameter, 2.5 m lead. The leads were
fiberglass insulated, stainless steel braided cables. The thermocouples were
calibrated using a FLUKE9150 portable furnace over a temperature range
of 50 ◦C to 350 ◦C. From Figure E.1, the J-type thermocouples returned sig-
nificant reading errors below 100 ◦C. Above 120 ◦C, the 6 mm thermocouples
reported a maximum of 4% error and the 1.5 mm thermocouples reported a
maximum of 1% error.
It should be noted that the FLUKE9150 portable furnace has an operating
range of 150 ◦C to 1200 ◦C. This would explain the large and non-linear error
experienced below 150 ◦C. The maximum thermocouple errors obtained above
150 ◦C is therefore used.
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Figure E.1: Calibration curves for 6mm and 1.5mm J-type thermocouples
E.3 Data acquisition
For data acquisition throughout the experimental process, a National In-
struments data logger (cDAQ-9174) with NI 9213 thermocouple modules and
NI 9215 BNC module were used. According to manufacturer datasheets, the
NI 9213 and NI 9125 have errors of ±1 ◦C and 0.02 % respectively.
E.4 Pressure
For pressure measurement, two Endress+Hauser Deltabar M PMD55 differen-
tial pressure transducers were used. The transducers have a measurement span
of 15 kPa to 300 kPa. According to manufacturer datasheets, the transducers
report a maximum of ±3% error at 300 kPa. The pressure transducers were
calibrated using a FLUKE700PTP1 pneumatic test pump and FLUKE700G32
10K pressure gauge.
Departmental serial numbers, 2 and 5, will be used to differentiate the
two transducers. Transducer 2 was used to measure pressure drop in the pipe
discussed in Section E.5. Transducer 5 was used to measure pipe inlet pressure
relative to atmospheric pressure. Calibration curves for the transducers are
shown in Figure E.2. Transducer 5 and 2 gave zero-readings at 400 Pa (1.99 V)
and 20 Pa (2.00 V) respectively.
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Figure E.2: Calibration curves for Endress+Hauser pressure transducers
E.5 Mass flow
An initial attempt to obtain a calibration curve for the flow meter involved
attaching a centrifugal fan to the outlet and sucking air through the pipe with












By assuming the inlet velocity at the bellmouth is effectively zero, and
assuming negligible fluid compression, the pressure drop between the bell-
mouth inlet and throat can be used to calculate the fluid velocity through
the bellmouth. Rewriting the Bernoulli equation to include the pressure drop

















where Kl can be taken as 0.03 for a well rounded inlet. The resulting equation










By measuring the pressure drop across the bellmouth, the flow velocity
and subsequently volumetric flow-rate could be determined. The bellmouth
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volumetric flow rate and corresponding pressure drop across the pipe is then
used to develop a correlation for the pressure drop across the pipe for a given
volumetric flow rate. Both raw data and correlation is given in Figure E.3. The
limitation of this approach is that flow rate obtained using a centrifugal fan for
suction is very low. As pressure drop for both friction and obstruction losses is
proportional to u2b , friction losses will dominate at higher flow velocities for a
uniform pipe. The developed correlation would then need to be extrapolated to
flow rates where the friction losses are not taken into account and uncertainty
is too great to yield any reliable data.
The second approach was to model the flow meter in Flownex. Considering
the ease of simulation setup, quick runtime and intuitive interface, results
could be obtained fairly quickly. However, in order to obtain accurate results,
specific internal surface roughness values for galvanized pipe as well as specific
pressure loss coefficients for the elbows were needed. In practice, these are hard
to determine and therefore the Flownex model relies on generic roughness and
loss coefficient values. In Figure E.3, large deviation is seen between the initial
fan calibration method and the Flownex simulation.
Towards the end of the testing phase, a Festo SFAM-90 volumetric air flow
meter was obtained. Manufacturer datasheets state an error of 3% + 0.3%
of the measuring range final value. The Festo flow meter was only available
for a short time and could therefore not be permanently integrated as part of
the test setup. Instead, the Festo flow meter was connected to the pipe and a
short analysis was conducted to determine the pressure drop across the pipe
for a given Festo flow meter reading.
At first, the pipe was disconnected from the downstream tower section and
a flow rate - pressure drop curve obtained. The pipe was then reconnected
to the downstream tower section and tested again. The latter setup was the
closest scenario to real testing conditions. As shown in Figure E.3, at low vol-
umetric flow, initial fan calibration data and Festo flow meter data show good
agreement. At high volumetric flow as shown in Figure E.4, the fan calibration,
Flownex and first Festo flow meter calibration methods all showed varying de-
grees of variance and were therefore not viable options in determining the mass
flow rate.
The large variation in "In-situ" and the various disconnected pressure
curves can easily be explained by utilizing the conservation of mass princi-
ple. Assuming high inlet pressure, the pressure drop along a uniform pipe
will be spread such that the outlet pressure can be assumed to approximate




it is deduced that the product of density and bulk fluid velocity must remain
constant. With no heat input to the fluid, density is then purely a function
of pressure. Along the length of the pipe, friction at the pipe wall causes a
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pressure drop and subsequently an increase in bulk fluid velocity. As such,
a non-uniform velocity distribution results. The magnitude of this velocity
difference depends largely on the pressure differential across the pipe.
The "In-situ" tests were conducted with a downstream pipe section of
roughly 22 m. The pressure drop across the flow meter was therefore only
a percentage of the total pressure drop, as opposed to the disconnected tests
where the pressure drop across the flow meter accounted for the entire pressure
drop. Consequentially, the flow rate-pressure curve for a given downstream
setup is invalid for a different downstream setup. The "In-situ" data obtained
was used to develop a correlation between pressure drop across the pipe and
volumetric flow rate. The correlation is given by
Q̇pipe = 1.021× 10−6∆P + 0.003688 [m3/s] (E.1)
The final mass flow rate is determined by
ṁpipe = ρpipe_inletQ̇pipe [kg/s] (E.2)
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Flowmeter calibration - In situ
Figure E.3: Pressure - flow rate curves for pipe at low volumetric flow
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Flowmeter calibration - In situ
Figure E.4: Flow rate - pressure curves for pipe at high volumetric flow
E.6 Wind speed and direction
Wind speed and direction data is obtained from the Sonbesie weather station,
situated approximately 50 m from the receiver tower. Wind speed and direction
is measured using an R. M. Young Wind Sentry Set (03001). The manufacturer
datasheet reports an accuracy of ±0.5 m/s for wind speed and an accuracy of
±5° for wind direction.
E.7 Error estimation
The final overall error is calculated by taking the root mean square of the
previously mentioned instrumentation errors. Table E.1 gives an overview of
the discussed instrumentation error with the final overall error.
Table E.1: Summary of experimental instrumentation errors
Instrument % Error
J-type thermocouple (6 mm) 4% + 1%
J-type thermocouple (1.5 mm) 1% + 1%
Transducer 2 (Flow rate) 3% + 0.02%
Transducer 5 (Density) 3% + 0.02%





Air and material properties
The thermal properties of air used in the 1-D numerical model are given here.
Polynomial regression was done in Matlab R2017 using the curve fitting tool-
box which allows the user to fit a polynomial of predefined order to a dataset.
The data was obtained from Mills and Ganesan (1999). The curves are calcu-
lated at 100 kPa with a temperature range of 150 K to 800 K.
F.1 Air
k = −1.734× 10−4T 2 − 7.683× 10−5T + 0.00519 [W/mK] (F.1)
cp = 0.0003579T
2 − 0.223T + 1041 [J/kgK] (F.2)









where R = 287 J/kgK is the gas constant of air.
F.2 SAE 1008 mild steel
The thermal properties of SAE 1008 mild steel are given for a temperature
range of 200 K to 900 K (Mills and Ganesan, 1999)
ks = 1.879× 10−5T 2 − 0.05858T + 76.65 [W/mK] (F.6)
cp,s = −2.045× 10−5T 2 + 0.4351T + 309.2 [J/kgK] (F.7)
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